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ABSTRACT

THE PHYLOGENY OF HOMO ERECTUS
Xiaoying Zhong, M.A.
Department of Anthropology
Northern Illinois University, 2016
Daniel L. Gebo, Director

Homo erectus inhabited Africa, Asia, and the Mideast during the
Pleistocene epoch. Debates concerning the interpretation and classification of
hominids grouped within H. erectus have long been a focus on whether these
specimens belong within a single species or to several different species. This
study examined the cladistic relationships of specimens grouped within H.
erectus, which are representatives of populations that dispersed across different
geographic regions, and other species within the genus Homo. It includes African
H. erectus, Georgian H. erectus, Chinese H. erectus, Javan H. erectus, H.
neanderthalensis, and H. sapiens. For this cladistic analysis, fifty-four
craniodental characters were selected and a parsimony analyses using the branchand-bound method and the bootstrap method were performed with PAUP 4.0a.
The results strongly support a sister-taxa relationship of Chinese and Javan H.
erectus, which I recommend classifying as one species of H. erectus. African H.
erectus was found to be a sister taxon of all other groups, supporting its
taxonomic classification as a distinct species, H. ergaster. In a similar manner,

the specimens from Georgia clustered separately from the other H. erectus and
therefore should be referred to as H. georgicus. In the end, this craniodental
analysis supports three distinct species, Homo erectus, Homo ergaster and Homo
georgicus, within the geographic cluster of specimens generally lumped together
under “Homo erectus.”
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CHAPTER 1
INTRODUCTION

The discovery, interpretation, and development of the taxonomy of Homo erectus have a
long and complicated history. This history began with the discovery of fossil specimens in Trinil,
Indonesia, in 1891, where the name H. erectus (originally with the new genus Pithecanthropus
but thereafter sunk into the genus Homo) was first proposed. Later, “Peking Man” was found in
Zhoukoudian, China, and this material was incorporated as the type specimen of H. erectus
(Weidenreich, 1940). H. erectus was initially believed to be a single, terminal East Asian
branch of hominids (Andrew, 1984). In addition, as more fossils of H. erectus have been
discovered in East Asia, it has become evident that these fossils show greater morphological
variation than has traditionally been recognized within a single taxon. Moreover, a variety of
fossil hominid specimens from Africa appear to match morphologically in many respects with
the Asian assemblage.
Several researchers (e.g., Leakey, 1971; Leakey and Walker, 1976; Brown et al., 1985)
assigned the African fossils of Homo erectus to a separate taxon, Homo ergaster, on the basis of
the geographical distance between Africa and East Asia and because the African specimens have
unique morphological features. In fact, fossils of Pleistocene hominids across the Eurasian
continent show a mixture of features of both East Asian and African Homo erectus
morphologies. For example, the recently described crania from Dmanisi, Georgia, share several
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morphological features with both H. erectus and H. ergaster (Lordkipanidze et al., 2013). These
new crania raise the question: Does the Dmanisi material represent a separate species relative to
East Asia and Africa or an ancestral species linking perhaps both continents?
As a result of the Dmanisi material and other new fossil discoveries, many scientists have
acknowledged the morphological diversity and broad geographic distribution of H. erectus
(Schwartz et al., 2000; Kidder & Durband, 2004). As a result, there currently is no consensus
concerning either the taxonomic attribution or the phylogeny of these hominid samples. Physical
anthropology students are often confused by the different labels assigned to these Pleistocene
fossil hominids as proposed by different researchers (e.g., Stringer, 1984; Wood, 1984;
Rightmire, 1993). The main reason for this confusion is in the lack of a clear systematic
classification.
This project attempts to sort out the complexities of early Homo fossil groups by reexamining the hypodigms of Homo erectus across the continents of the Old World using a
cladistic methodology. Variation in the cranial anatomy of fossil skulls attributed to H. erectus
during the Pleistocene was examined in an attempt to better understand and define the hominid
taxon H. erectus. Questions regarding the interpretations of early Homo have been explored,
including the best classification of the assemblages from Asia, Africa, and Georgia. Further, the
identity of H. erectus, and its evolutionary relationship to Neanderthals and modern humans, has
been systematically analyzed here. Knowledge of the status of Homo erectus and other early
Pleistocene Homo species allows us to clarify questions concerning the emergence of the human
lineage and the evolutionary patterns within the genus Homo. More importantly, it is essential for
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us to better understand our own evolutionary past in a way that helps us explore the question of
how modern humans survived to become the only species of Homo on the planet today.

CHAPTER 2
HISTORY OF HOMO ERECTUS

The first fossil remains of what would become known as Homo erectus were discovered
by a Dutch paleoanthropologist and medical doctor, Eugène Dubois, on a small island of Java in
1891 (Dubois, 1896). Along the banks of the Solo River at the site of Trinil, his team discovered
what he described as a long, ape-like skull cap (Dubois, 1896). A few months later, another fossil
specimen, a human-like femur, was found only forty feet from the skull (Dubois, 1896; Kramer,
2003). Dubois believed that these discoveries belonged to one individual who could be described
as “an intermediate form between humans and apes” (Dubois, 1896, p.241). Therefore, he named
the fossils Pithecanthropus erectus (ape-human that stands upright) or Java Man (Dubois, 1896).
Dubois’s discoveries set a milestone for later studies of human evolution. Scientists from
Western countries flooded into the vast continent of Asia to explore the missing links in the
human lineage. In 1921, a Swedish archaeologist and paleontologist, Johan Gunnar Andersson,
visited Zhoukoudian in China, where fossil mammals had been found by local residents on
Dragon Bone Hill (Jia, 1990). His team started an excavation at this site and discovered two teeth
of early humans (Jia, 1990). Davidson Black, a Canadian anthropologist and dean of the
Anatomy Department of Peiping Union Medical College, studied a molar tooth found by
Andersson in 1921 (Black, 1927). He announced that this molar belonged to the family
Hominidae and he named it Sinanthropus pekinensis (Black, 1927). This announcement of a new
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fossil human attracted worldwide attention. Immediately a systematic excavation was launched
and many scientists from China and around the world joined the project. In the following decade,
many interesting fossils were found, including several teeth, two lower jaws, a skull cap, and
skull fragments (Van Es, 1931). Specimens of more than forty individuals were identified as
Sinanthropus pekinensis (Weidenreich, 1940).
During this same time frame, an increasing number of hominid fossils were found on the
Island of Java. In addition to the additional skull caps and skeletal elements of Pithecanthropus
erectus found in Trinil (Weidenreich, 1940), twelve cranial remains and two tibiae were
recovered at Ngandong in Java between 1931 and 1933 (Rightmire, 1993). Oppenoorth (1937)
was the first scientist who thoroughly examined these fossils and named them to a new species,
Homo soloensis. A few years later, a large jaw fragment and a braincase were found by von
Koenigswald at Sangiran in Java and this material was given the name Meganthropus
palaeojavanicus (Weidenreich, 1946). Hominid remains from Java had often been given new
names according to their geographical distribution and for their anatomical features.
Overall, many human-like fossils were recovered in both China and Java from 1890 to
1940. Once a new hominid was discovered, despite any close resemblance to previous finds, the
practice was to name a new species and even a new genus, an approach largely driven by the
egos of the discoverers (Kramer, 2003). No scientists had seriously considered the combination
of the Javan and Chinese fossil forms into a single assemblage until Franz Weidenreich, a
German paleoanthropologist, questioned the necessity of creating a proliferation of names by
ignoring their “genetic” connections (Weidenreich, 1940). The term “genetic” as used by
Weidenreich does not refer to DNA similarities, but an “ideal connection” based on physical
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resemblances. Weidenreich (1940) suggested that the differences among most of these Asian
fossils were no greater than those seen in humans of different regions. He concluded that it
would be more appropriate to reduce Sinanthropus pekinensis and Pithecanthropus erectus to a
single genus and species of Homo erectus and Weidenreich (1940) advocated that Homo
soloensis should be replaced by Homo neanderthalensis.
Weidenreich’s idea gained universal popularity in the field of anthropology. Scientists
following Weidenreich’s lead have since shown more precision in interpreting and more
prudence in naming new specimens as new species. Mayr (1944) was the first to support
Weidenreich’s idea that Homo erectus was the most appropriate name for the Chinese and Javan
hominids. He developed this idea by suggesting that the multiple taxa of Australopithecus should
be reduced into either Homo sapiens or Homo erectus (Mayr, 1950). Following Mayr, the British
anatomist Le Gros Clark (1964) also insisted on the importance of applying the name of Homo
erectus to all the hominid remains during the Pleistocene, especially those uncovered in Asia.
However, there were still other discoverers and interpretations that suggested that certain
specimens, such as those from Ngandong, were distinctive enough to be given their own
taxonomic distinctions. With more and more fossil material being unearthed, research regarding
Homo erectus had, to some degree, ascended to a heated argument between “lumpers” and
“splitters” (e.g., Stringer, 1984; Antón, 2003; Kramer, 2003). In addition, newly discovered
hominid fossils with similar characteristics to what Weidenreich referred to as Homo erectus
were not restricted to areas of East and Southeast Asia but were also found throughout western
Asia, Europe, and Africa. These fossils with shared morphological traits provided the most
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powerful argument against “splitting” the erectus-like fossil specimens found in Africa into their
own species (see Leakey, 1971; Wood, 1991).
In 1949, Robinson found a fossil mandible in southern Africa and assigned it to
Telanthropus capensis, which he claimed as an “intermediate between one of the ape-men and
true man” (Robinson, 1953, p.33). In 1954, Arambourg excavated two mandibles in North
Africa, and he admitted that they shared several characters with Telanthropus and Asian Homo
erectus (Arambourg, 1955). A year later in Morocco, Biberson found a partial mandible, which
he believed to be the same species as those found by Arambourg (Arambourg and Biberson,
1956). A new genus and species, Atlanthropus mauritanicus, was given to these three jaws
(Arambourg, 1955; Arambourg and Biberson, 1956). Since 1960, fossils that bear a resemblance
to Asian Homo erectus have been recovered from East Turkana and Olduvai Gorge.
Representative specimens include: a partial braincase (OH 9), a fairly well-preserved cranium
(KNM-ER 3733), a second cranium (KNM-ER 3883), and a nearly complete skeleton of an
adolescent boy (KNM-ER 15000) (Leakey, 1971; Leakey and Walker, 1976; Leakey and Walker
1985; Brown et al., 1985; Rightmire, 1998). These discoveries have led to new interpretations
and names such as Homo ergaster and Homo leakeyi (Herberer, 1963; Groves and Mazák, 1975;
Brown et al., 1985).
In addition, fossils from Europe and western Asia were found and these discoveries
shared characters with Homo erectus. The first representative fossils were found at Vértesszőlős,
Hungary, which include four teeth and a cranial fragment (Thoma, 1967; Thoma, 1969). Soon
these specimens were placed in the hypodigm of Homo erectus (Wolpoff, 1977). More evidence
for the existence of European Homo erectus included fossils from Bilzingsleben in Germany
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(Vlček, 1978), Patralona in Greece (Poulianos, 1981), Boxgrove in England (Roberts et al.,
1994), and Arago in France (Seidler et al., 1997).
The majority of paleoanthropologists agreed that the Asian fossils belonged to Homo
erectus, but a new question arose concerning the fate of the African and European
representatives of Homo erectus. It was unclear whether these non-Asian fossils also belonged
within Homo erectus as defined by the Asian-type material. In order to address this question, we
need to clarify the definition and diagnosis of Homo erectus. The earliest definition was provided
by Clark (1964), who gave a short generalization concerning species traits. Later, Howell (1978)
listed an extensive catalogue of features, which have usually been criticized as unclear and
redundant in that many of the characters are also found in other species of Homo or even other
hominid genera (Stringer, 1984; Rightmire, 1993). Generally, a good diagnosis of a species is
based on the features that are apomorphic (or derived) rather than plesiomorphic (primitive)
(Cartmill and Smith, 2009). Moreover, apomorphies can be characters that are uniquely
expressed in a group or characters derived and shared by two or more species. Many scientists
tend to use autapomorphies as evidence in defining a new taxon, whereas they use
symplesiomorphies in identifying related phylogenetic groups (Rightmire, 1993). Following
these rules of zoological nomenclature, features that belong to Homo erectus need to be clearly
identified.
According to the work by Macintosh and Larnach (1972), Wood (1984), Stringer (1984),
and Rightmire (1993), Homo erectus bears several possible autapomorphic traits, such as midline
keeling, occipital torus, thickened vault bones, and thickened and continuous browridge.
However, it should be noted that not all characters are expressed to the same extent in different
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individuals of Homo erectus (Rightmire, 1993). For example, the midline keeling of the frontal
bone is more prominent in Zhoukoudian specimens than in African specimens. Subtle
morphological differences are usually explained as evidence of regional variation within Homo
erectus (Kidder and Durband, 2004). Specimens in Europe have been commonly excluded from
the taxon of Homo erectus because they lack several of these autapomorphies. European
hominids that possess erectus-like features can be considered as transitional between Homo
erectus and Homo sapiens, and most researchers have classified these European hominids as
Homo neanderthalensis, Homo heidelbergensis, or H. antecessor, rather than Homo erectus, on
the basis of their transitional features (Stringer, 1984; Tattersall, 1986; Rightmire, 1993).
It is more complex in resolving the taxonomic issues of the African assemblage than the
European group, as the African fossils bear a striking morphological resemblance to the Asian
specimens. Although the original publications by the early researchers tended to place African
hominids and Asian hominids into different species (Andrew, 1984; Stringer, 1984; Wood, 1984;
Tattersall, 1986), the defining features of Homo erectus are generally found in both Asian and
African individuals. Early descriptions emphasized not only the autapomorphic features of the
Asian fossils but also the primitive features that modern humans share with African but not
Asian representatives. Such findings led to the conclusion that Asian Homo erectus deviated
from the “main line” of human evolution.
On the other hand, later publications attempt to group African and Asian assemblages as
a single taxonomy, suggesting that features of Homo erectus have been variably expressed in
fossils worldwide, whereas the differences between Asian and African Homo erectus are too
slight to be classified into different species (Kennedy, 1991; Bräuer and Mbua, 1992; Harrison,
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1993; Kramer, 1993). In addition, the recently discovered Dmanisi hominids in Georgia provide
further evidence that Homo erectus is a single, highly dimorphic taxon of great temporal and
geographic variation (Vekua et al., 2002; Lordkipanidze et al., 2013). As a result, many scientists
tend to lump all the Early to Middle Pleistocene specimens into a single assemblage (e.g.,
Hublin, 1986; Antón, 2003).
In order to help clarify the controversial concept of Homo erectus, I used parsimony
analyses to examine the taxonomic status of Homo erectus. Previous studies by Chamberlain and
Wood (1987), Stringer (1987), and Strait et al. (1997) have utilized a similar methodology in
evaluating the phylogeny of other taxa. Their results indicate the value of cladistic methodology.
One of the greatest virtues of this methodology is that the comparatively objective treatment of
qualitative and quantitative data constructs a clearer relationship of taxa via a phylogenetic tree
(Cartmill and Smith, 2009). The cladistic analysis for hominid evolution was introduced by
Eldredge and Tattersall in 1975 and this approach was developed further by several other
paleoanthropologists (e.g., Olson, 1978; Andrew, 1984; Chamberlain and Wood, 1987; Stringer,
1987). This method has improved over time from simply identifying a few shared and/or derived
characters to explicitly examining morphological features of various conditions in a more
comprehensive manner. In the 1980s, computer algorithms were used for these analyses,
enabling researchers to evaluate hundreds of qualitative and quantitative characters and thereby
establishing trees with hundreds of steps. Improvements in the methodology for cladistics have
given rise to a vast increase in the detailed documentation and analysis of hominid morphology
(Tattersall, 1997).

11
The first comprehensive cladogram for the genus Homo was proposed by Stringer in
1987. Soon, many other cladograms of Homo taxa were built, varying in the way of character
interpretation, the size of data, and the strategies of analyses (e.g., Wood, 1991; Strait et al.,
1997; Tattersall, 1997; Cameron et al., 2004). These cladistic analyses have broadly focused on
the entire phylogeny of Homo, whereas none explicitly appraised the taxonomic status within the
fossil group of so-called Homo erectus. Therefore, the phylogenetic analyses I conducted for this
project are novel in that they address questions concerning (1) the cladistic relationship of
different Homo erectus groups, Neanderthals, and modern, humans; (2) whether it is more
appropriate to lump all the Homo erectus hypodigms into a single species or to classify them into
multiple species; (3) the taxonomic validity of various Homo erectus hypodigms that have been
suggested; and (4) the human evolutionary scenario, according to the hypothetical phylogenetic
tree of genus Homo.

CHAPTER 3
METHODS AND MATERIALS

Six Hypodigms
The samples examined in this study are classified into six taxa including several H.
erectus subgroups. The six taxa are: African H. erectus, Chinese H. erectus, Javan H. erectus,
and Georgia H. erectus, H. neanderthalensis, and H. sapiens (or modern human; Table 1). The
samples I have chosen best represent the main features of each taxonomic group, but they
exclude disputed or obscure specimens.
The African H. erectus hypodigm includes early Pleistocene specimens excavated from
East Turkana in Kenya and Olduvai Gorge in Tanzania (Leakey, 1971; Leakey and Walker,
1976; Brown et al., 1985; Leakey and Walker 1985; Rightmire, 1998). Other important hominid
fossils from Africa are not included in this study because of their controversial status. For
example, the Lake Ndutu cranium was originally classified as H. erectus, or H. leakeyi, by the
initial interpreter (see Clarke, 1976, 1990), but subsequent studies suggested that this cranium
reflected a more modern form (Rightmire, 1983, 1993). Rightmire (1983) claimed that the Ndutu
hominid is more similar to modern humans than to H. erectus based on its overall cranial
morphology and placed it within archaic H. sapiens. Similarly, the Bodo cranium and Broken
Hill remains from Africa show advanced morphologies and are believed to be intermediate forms
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between H. erectus and H. sapiens, as they contain a mixture of characters from H. erectus, H.
sapiens, and Neanderthals (Brose & Wolpoff, 1971; Stringer et al., 1979; Howells, 1980).
Table 1
Specimens Included in Hominid Hypodigms in This Study
Specimens
African H. erectus
OH 9
KNM-ER 730
KNM-ER 3883
KNM-ER 3733
KNM-ER 15000

Site

Date (Ma)

Reference

Olduvai Gorge, Tanzania
Koobi Fora, Kenya
Koobi Fora, Kenya
Koobi Fora, Kenya
Koobi Fora, Kenya

1.4
1.7-1.65
1.65-1.5
1.78
1.5

Wood (1991), Rightmire
(1993), Antón (2003)

Chinese H. erectus
Zhoukoudian X
Zhoukoudian XI
Zhoukoudian XII
Zhoukoudian GI
Zhoukoudian HI

Zhoukoudian, China
Zhoukoudian, China
Zhoukoudian, China
Zhoukoudian, China
Zhoukoudian, China

0.77
0.77
0.77
0.77
0.77

Weidenreich (1943), Wood
(1991), Rightmire (1993),
Antón (2003)

Javan H. erectus
Trinil 2
Sangiran 2
Sangiran 4
Sangiran 10
Sangiran 17

Trinil, Java
Sangiran, Java
Sangiran, Java
Sangiran, Java
Sangiran, Java

1-0.7
1.58-1
1.6
1.2
0.8

Wood (1991), Rightmire
(1993), Antón (2003)

Georgian H. erectus
D2280
D2282/D211
D2700/D2735
D3444/D3900
D4500/D2600

Dmanisi, Georgia
Dmanisi, Georgia
Dmanisi, Georgia
Dmanisi, Georgia
Dmanisi, Georgia

1.77
1.77
1.77
1.77
1.77

Antón (2003),
Lordkipanidze et al.
(2006), Lordkipanidze et
al. (2013)
(continued on following page)
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Table 1 (continued)
H. neanderthalensis
Neanderthal 1
La Chapelle-auxSaints 1
Amud 1
La Ferrassie 1
Shanidar 1
H. sapiens
Modern humans

Feldhofer grotto,
Germany
La Chapelle-aux-Saints
cave, France

0.05-0.04
0.06

Wadi Amud, Israel

0.04

La Ferrassie cave
Shanidar, Iraq

0.07-0.05
0.04

worldwide

0

Boule (1913), Suzuki
(1970), Vandermeersch
(1981), Heim (1982),
Trinkaus (1984),

Howells (1973)

The Chinese H. erectus hypodigm consists of fossils from Zhoukoudian and dates to
around 500,000 years ago (Weidenreich, 1939, 1941, 1943; Dahlberg, 1945). There are other
important discoveries in China, such as fossil remains from Gongwangling, Hexian, Chenjiawo,
and Yunxian, but none of these fossils have been dated with confidence (Rightmire, 1993; Wu
and Poirier, 1995). Furthermore, Zhoukoudian has proved to be a site with incredibly rich fossils
compared to other sites in China (Rightmire, 1993). The Zhoukoudian material best represents
the Chinese form of H. erectus.
The Javan H. erectus hypodigm consists of fossils from Trinil and Sangiran, dating from
1.6 Ma to about 1.0 Ma (Dubois, 1896; Weidenreich, 1946; Von Koenigswald, 1948). Material
from Ngandong is not included as these skulls display many features such as thin supraorbital
tori, a broad frontal bone, or a strong occipital bone being more primitive than those from Trinil
and Sangiran (Von Koenigswald, 1958). The Ngandong hominid assemblage has been suggested
to approach the morphology of modern humans (Weidenreich, 1940; Santa Luca, 1980). Besides
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Ngandong, the Modjokerto skull also represents a poor sample for this study as it is from a very
young individual who died at approximately five years of age (Rightmire, 1988).
The Georgia H. erectus hypodigm includes specimens from Dmanisi (Lordkipanidze et
al., 2013). This group is of particular importance to this study as they have been more recently
discovered and less is known of them than the other specimens. Most experts have reached a
consensus regarding the grouping of Dmanisi fossils because they were all excavated from the
same site at the same age and CT technology shows that the Dmanisi skulls fall within the
normal range of sexual dimorphism of a Pleistocene hominid species (Lordkipanidze et al.,
2013).
The H. neanderthalensis hypodigm includes several type specimens from Western
Europe to central Asia. H. neanderthalensis is a well-documented early human group that traces
its history back to the glacial periods (Brace et al., 1964; Spencer, 1984). Like H. erectus, H.
neanderthalensis is widespread geographically with some erectine-like bony features, such as a
protruding midface, large browridges, a receding forehead, and a weak chin. Some have
suggested either that H. erectus is ancestral to H. neanderthalensis or that these two hominids
were merely a single group with a tremendous amount of variation (Gingerich, 1979; Jelinek,
1980; Wolpoff, 1980). However, a predominant number of anthropologists favors the idea that
Neanderthals were a distinctive group that displays unique characters such as marked skeletal
robusticity and an occipital protrusion (Vlček, 1978; Stringer et al., 1984). To lump all archaic
humans, Neanderthals, and Middle Pleistocene fossils together into a single taxon would ignore
significant anatomical differences between the groups. Hence, Neanderthals are used in this
study in reference to the Homo erectus hypodigm and the Homo sapiens hypodigm.
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The H. sapiens hypodigm refers to the average morphology of modern human proposed
by Howells (1973). Archaic H. sapiens, such as H. s. idaltu, are not recognized here in order to
secure clear generalizations of cranial traits in modern human. There are several hypotheses on
the status of modern humans and their relations to other species of Homo. Some anthropologists
claim that modern human evolved from Africa, suggesting that humans may uniquely share
many features with African H. erectus (e.g., Andrew, 1984; Stringer, 1984; Wood, 1984;
Tattersall, 1986). On the other hand, many phylogenetic studies have suggested that H. sapiens
would represent the sister taxon to more recent hominids, such as Neanderthals (Stringer, 1987;
Tattersall, 1997; Cameron et al., 2004). The cladistic relationships of H. sapiens and other Homo
taxa are not clear when several H. erectus groups are introduced. Therefore, modern human
crania were used in this study to compare with the other potential sister groups and may indicate
the closest phylogenetic link to H. sapiens.

Character Selection
Fifty-four characters, including qualitative and quantitative characters, were examined in
this study. The characters I selected have been used extensively in previous studies (e.g.,
Stringer, 1984; Wood, 1991; Rightmire, 1993; Rightmire, 1998; Lordkipanidze et al., 2013). I
limited the characters by eliminating those that failed to make a distinction among taxa or that
redundantly described the same morphological feature. I collected data from four main sources:
(1) literature including but not limited to what is listed in Table 1, (2) casts available in Northern
Illinois University anthropology lab, (3) 3D images from eFossils and NESPOS websites, and (4)
data collected and shared by Professor Chris Stringer.
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I identified two forms of characters: neomorphic characters, which are limited to
“present” and “absent,” and transformational characters, which have mutually exclusive states
(Sereno, 2007). Characters employed in this research were selected from crania and dentitions
exclusively and grouped into six parts in order to facilitate analyses (Table 2). The analysis
results may therefore be biased, as I did not examine any postcranial features, which could have
indicated different phylogenetic patterns. I did not include postcranial remains in my current
analysis for two reasons. First, the current available collection of postcranial remains is very
limited and mostly incomplete. Second, and more importantly, isolated postcranial remains
cannot often be assigned to a specific taxon with certainty (Strait at al., 1997). As a result, the
inclusion of postcranial characters would introduce a degree of potential complications that could
not be resolved. Therefore, all the measurements and analyses in this project were based on
craniodental characters. Once more fossil evidence is available, future research based on features
of both cranial and postcranial bones may contribute to key evolutionary patterns that will
confirm or dispute the results of this study.
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Table 2
Craniodental Characters Used in This Study and the Definitions

No.

Character

Definition

Whole Vault
1

Maximum cranial
length

The distance between glabella and opisthocranion.

2

Maximum cranial
breadth

The distance between two sides of euryon.

3

Cranial robusticity

General robusticity of the cranial, reflected from the vault
thickness, supraorbital and occipital tori, etc.

4

Cranial capacity

Endocranial capacity in cubic centimeters.

5

Upper facial breadth

The distance between two sides of frontomalare temporale.

6

Upper facial height

The chord distance between nasion and prosthion.

7

Biasterionic breadth

The distance between two sides of asterion.

8

Basion-bregma height

The chord distance between basion and bregma.

9

Basion-prosthion
length

The chord distance between basion and prosthion.

Frontal bone
10

Maximum frontal
breadth

The maximum distance on the frontal breadth at the coronal
suture.

11

Minimum frontal
breadth

The distance between two sides of frontotemporale on the
frontal bone

12

Frontal angle

The curvature of the frontal bone at its maximum height above
the frontal chord in the sagittal plane.

13

Frontal arc

The arc length from glabella to bregma along the frontal suture.

14

Supraorbital torus
contour

The morphology of the supraorbital torus.

15

Vertical supraorbital
thickness

The vertical thickness of supraorbital torus above midorbit.
(continued on following page)
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Table 2 (continued)

No.

Character

Definition

16

Glabellar morphology

The morphology of the most anterior midline region on the
frontal bone, which is located above the frontonasal suture and
between brow ridges.

17

Cranial midline
keeling

The cranial keeling at the frontal and/or parietal bones on the
sagittal plane.

Parietal bone
18

Maximum biparietal
breadth

The maximum distance between the parietal bones.

19

Parietal arc

The arc distance from bregma to lambda along the sagittal
suture on the parietal bone.

20

Vault thickness

The vault thickness at the parietal eminence.

Temporal bone
21

Maximum temporal
breadth

The maximum distance between the temporal bones.

22

Bizygomatic width

The maximum breadth across the zygomatic arches.

23

Biauricular breadth

The distance between two sides of auricular.

24

Supramastoid crest
morphology

The morphology of the supramastoid crest, which forms the
superior root of the zygomatic process that runs horizontally
above the external acoustic meatus.

25

Supramastoid sulcus

The depression or a groove that separates mastoid and
supramastoid crest.

26

Robusticity of
tympanic plate

The robusticity of the tympanic part of the temporal bones.

27

Mastoid size relative
to temporal size

The size of the mastoid process in comparison to the size of the
temporal bone.

28

Mandibular fossa
morphology

The depth of the mandibular (or glenoid) fossa, which is the
depression found in the temporal bones that articulates with the
mandible.
(continued on following page)
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Table 2 (continued)

No.

Character

Definition

Occipital bone
Occipital torus
morphology

The morphology of the bony thickening along the border of
occipital and nuchal plane.

30

External occipital crest

The morphology of is the median line that passes from the
external occipital protuberance down to the border of the
foramen magnum.

31

Occipital arc

The arc length from lambda to opisthion along the occipital
suture.

32

Occipital angle

The curvature of the occipital bone at its maximum height
above the occipital chord in the sagittal plane.

33

Foramen magnum size

The size of the foramen magnum that is calculated as: π × ½
foramen magnum width × ½ foramen magnum length.

34

Foramen magnum
shape

The roundedness of the foramen magnum.

35

Lambda-inion chord

The length of the upper occipital squama measured as the
chord distance from lambda to inion.

36

Inion-opisthion chord

The length of the occipital nuchal plane measured as the chord
distance from inion to opisthion.

37

Occipital scale index

The ratio of the inion-opisthion chord to the lambda-inion
chord

29

Facial skeleton
38

Biorbital breadth

The distance between two sides of ectoconchion.

39

Orbit index

The ratio of orbit height to orbit breadth and multiplied by 100.

40

Postorbital constriction

The degree of the narrowing of the frontal bone behind the
orbits.

41

Nasal keel

The pronounced vertical midline at the nasal bone.

42

Nasal breadth

The maximum distance between the anterior edges of the nasal
aperture.

43

Nasal index

The ratio of nasal width and nasal length and multiplied by
100.
(continued on following page)
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Table 2 (continued)

No.

Character

Definition

44

Subnasal clivus
morphology

The curvature of the sloping wall between nasospinale and
prosthion of the maxilla.

45

Nasal sill morphology

The morphology of the anterior edge of the inferior border of
the nasal aperture.

46

Canine Jugum

The presence of the bony eminence on the canine root of the
maxilla.

47

Cheek height

The distance from the most inferior border of the orbit to the
lower margin of the maxilla.

48

Malar tubercle

The presence of the inferiorly swelling of the zygomatic bone.

49

Malar anteriolateral
surface

The mophology of the anteriolateral surface of the zygomatic
bone.

Mandible and dentition
50

Palatal index

The ratio of palate breadth to the palate length and multiplied
by 100.

51

Palatal surface

The condition of the inferior surface of the maxillary bone.

52

Position of mental
foramen

The location of the mental foramen, which is presented on the
lateral corpus surface below the premolar region

53

Morphology of MMR

The height of the elevated border that forms the mesial margin
of the occlusal surface of the molar.

54

Accessory cusps

The presence of extra dental cusps.

Character states were given scores based on the existence of the traits or the degree of the
trait expression (Table 3). Neomorphic characters were coded in the form of 0/1 for
absence/presence of the feature. Transformational characters were given from 0 to 1 or more for
multiple states of the feature. If more than one morphological variants are observed within a
taxa, the character for that taxa was coded as being variable. Question marks (?) were used to
indicate missing data due to lack of knowledge of a particular anatomical feature of a hypodigm.

Table 3
Characters and the Distribution of the States

Maximum cranial
length

African
H. erectus
2
Variable

Chinese
H. erectus
1
Median

Javan
H. erectus
2
Variable

Georgian
H. erectus
0
Narrow

2

Maximum cranial
breadth

1
Median

1
Median

1
Median

3

Cranial robusticity

1
Intermediate

2
Robust

4

Cranial capacity

1
Small

5

Upper facial breadth

6

No.

Character

H. neanderthalensis

H. sapiens

1

3
Large

1
Median

0
Narrow

2
Large

0
Narrow

2
Robust

1
Intermediate

1
Intermediate

0
Gracile

2
Median

1
Small

0
Very small

4
Very large

3
Large

2
Intermediate

2
Intermediate

1
Variable

1
Variable

2
Intermediate

0
Small

Upper facial height

1
Large

1
Large

1
Large

0
Small

1
Large

0
Small

7

Biasterionic breadth

2
Variable

1
Median

3
Large

0
Small

3
Large

0
Small

8

Basion-bregma height

0
Small

0
Small

0
Small

0
Small

1
Large

1
Large

9

Basion-prosthion
length

2
Large

0
Small

2
Large

1
Variable

2
Large

0
Small

(continued on following page)
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Table 3 (continued)

Maximum frontal
breadth

African
H. erectus
1
Median

Chinese
H. erectus
1
Median

Javan
H. erectus
1
Median

Georgian
H. erectus
0
Small

11

Minimum frontal
breadth

1
Median

1
Median

1
Median

12

Frontal angle

1
Median

1
Median

13

Frontal arc

1
Variable

14

Supraorbital torus
contour

15

No.

Character

H. neanderthalensis

H. sapiens

10

2
Large

1
Median

0
Small

2
Large

2
Large

1
Median

2
Large

1
Median

0
Small

2
Median

2
Median

0
Small

3
Large

3
Large

1
Variable

0
Arched

2
Straight

0
Arched

0
Arched

0
Arched

Vertical supraorbital
thickness

2
Variable

3
Thick

3
Thick

1
Intermediate

1
Intermediate

0
Thin

16

Glabellar morphology

1
Variable

2
Marked

2
Marked

1
Variable

0
Small

1
Variable

17

Cranial midline
keeling

0
Absent

1
Present

1
Present

1
Present

0
Absent

0
Absent

18

Maximum biparietal
breadth

1
Median

1
Median

1
Median

0
Small

2
Large

1
Median

(continued on following page)
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Table 3 (continued)
African
H. erectus
0
Small

Chinese
H. erectus
0
Small

Javan
H. erectus
0
Small

Georgian
H. erectus
0
Small

Vault thickness

1
Intermediate

1
Intermediate

2
Thick

21

Maximum temporal
breadth

1
Variable

2
Large

22

Bizygomatic width

1
Variable

23

Biauricular breadth

No.

Character

H. neanderthalensis

H. sapiens

19

Parietal arc

1
Large

1
Large

20

1
Intermediate

1
Intermediate

0
Thin

2
Large

0
Small

2
Large

0
Small

2
Large

2
Large

1
Variable

2
Large

0
Small

1
Median

3
Very large

1
Median

0
Small

2
Large

0
Small

24

Supramastoid crest
morphology

1
Small

2
Intermediate

2
Intermediate

3
Prominent

2
Intermediate

0
Barely
noticable

25

Supramastoid sulcus

1
Present

0
Absent

1
Present

1
Present

1
Present

0
Absent

26

Robusticity of
tympanic plate

1
Intermediate

2
Robust

2
Robust

0
Gracile

1
Intermediate

1
Intermediate

27

Mastoid size relative
to temporal size

1
Variable

2
Intermediate

2
Intermediate

1
Variable

0
Small

2
Intermediate

(continued on following page)
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Table 3 (continued)
African
H. erectus
1
Variable

Chinese
H. erectus
2
Deep

Javan
H. erectus
2
Deep

Georgian
H. erectus
0
Shallow

Occipital torus
morphology

2
Central,
mound-like

3
Thick bar

3
Thick bar

30

External occipital
crest

2
Present

0
Absent

31

Occipital arc

1
Median

32

Occipital angle

33

No.

Character

H. neanderthalensis

H. sapiens

28

Mandibular fossa
morphology

0
Shallow

0
Shallow

29

1
Small

1
Small

0
Absent

1
Variable

2
Present

0
Absent

1
Variable

1
Median

1
Median

0
Small

2
Large

1
Median

1
Variable

0
Small

0
Small

2
Large

2
Large

2
Large

Foramen magnum
size

1
Intermediate

?

2
Large

0
Small

2
Large

1
Intermediate

34

Foramen magnum
shape

0
Circular

?

1
Intermediate

0
Circular

2
Long

1
Intermediate

35

Lambda-inion chord

1
Variable

2
Median

1
Variable

0
Small

3
Large

3
Large

36

Inion-opisthion chord

1
Intermediate

3
Large

2
Variable

0
Small

3
Large

1
Intermediate

37

Occipital scale index

1
Variable

2
Large

2
Large

1
Variable

0
Small

0
Small

(continued on following page)
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Table 3 (continued)
Chinese
H. erectus

Javan
H. erectus

?

?

1
Variable

?

2
Large

Postorbital
constriction

2
Variable

1
moderate

41

Nasal keel

1
Variable

42

Nasal breadth

43

No.

Character

38

Biorbital breadth

39

Orbit index

40

African
H. erectus
0
Small

Georgian
H. erectus
0
Small

H. neanderthalensis

H. sapiens

1
Large

0
Small

2
Large

0
Small

2
Large

3
Strong

3
Strong

0
Absent

0
Absent

0
Absent

1
Variable

0
Absent

0
Absent

0
Absent

2
Large

1
Median

1
Median

0
Small

1
Median

0
Small

Nasal index

2
Large

1
Median

1
Median

1
Median

0
Small

2
Large

44

Subnasal clivus
morphology

2
Flat

0
Convex

0
Convex

1
Variable

2
Flat

2
Flat

45

Nasal sill morphology

0
Smooth

0
Smooth

0
Smooth

1
Variable

2
Sharp

1
Variable

46

Canine Jugum

1
Strong

1
Strong

0
Weak

1
Strong

0
Weak

0
Weak

47

Cheek height

1
Median

?

2
Long

1
Median

0
Short

0
Short

(continued on following page)
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Table 3 (continued)
African
H. erectus
0
Absent

Chinese
H. erectus
2
Present

Javan
H. erectus
2
Present

Georgian
H. erectus
0
Absent

Malar anteriolateral
surface

1
Variable

2
Round

2
Round

50

Palatal index

1
Median

?

51

Palatal surface

0
Smooth

52

Position of mental
foramen

53
54

No.

Character

H. neanderthalensis

H. sapiens

48

Malar tubercle

0
Absent

1
Variable

49

2
Round

0
Flat

0
Flat

0
Small

1
Median

2
Large

2
Large

1
Rugose

0
Smooth

0
Smooth

1
Rugose

0
Smooth

2
At P4-M1

?

0
At P3-P4

1
Variable

2
At P4-M1

0
At P3-P4

Morphology of MMR

0
Low

1
High

1
High

0
Low

1
High

1
High

Accessory cusps

0
Absent

2
Present

2
Present

2
Present

1
Variable

0
Absent

27
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Quantitative characters were coded by combining range-based methods of Almeida and
Bisby (1984) and segment coding method by Chappill (1989). Almeida and Bisby’s (1984)
approach draws state boundaries of discontinuous or multi-modal characters. Therefore, an
important step to employ in this method is to draw a series of bar diagrams, each of which shows
the range of measurements for a particular hypodigm, and the boundaries are placed at gaps or
dips in the diagram. Such a method of character-state formulation is simple and efficient in
implementing measurement data. Almeida and Bisby’s (1984) method has been used in studies
by Strait et al. (1997), Lycett and Collard (2005), and Nevell and Wood (2008). However, this
method identifies the gaps between character states in a subjective manner, and therefore
segment coding method was also implemented. The segment coding method divides a series of
character states into several segments of equal size (Chappill, 1989). The segments are assigned
as one standard deviation (SD) ranges from the lowest value of a quantitative character, and they
are treated as ordered character states. Cladistic studies by Chamberlain and Wood (1987) and
Wood (1991) employed Chappill’s (1989) method. However, this method has disadvantages in
that specimens within a taxa are usually assigned into more than one segment due to its rigorous
approach, even though these specimens have relatively clustered measurements. Therefore, the
combination of Almeida and Bisby’s (1984) and Chappill’s (1989) approaches can offset the
problems with each method. First, the segment coding method provided a general idea of the
range of a segment based on the SD of each character. Then, the gaps and dips were taken into
account and minor adjustments of the ranges were made to place the final boundaries of the
states.
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Parsimony Analyses
The scores of each character were used as raw data in parsimony analysis. Each of the
characters and their standard of scoring were described in greater detail in the Appendix and
Table 3. The data matrix was generated by Nexus Data Editor (NDE) version 0.5.0 (Page, 2001),
and the analysis of the data matrix was conducted with Phylogenetic Analysis Using Parsimony
(PAUP) 4.0a (Swofford, 1998). The change between adjacent states (e.g., between 0 and 1, 1 and
2, etc.) was considered as a single step in a tree. The most parsimonious trees were constructed
based on Wagner criteria, which allows characters with ordered states to freely reverse. Ordered
states increase tree length because a change from state 0 to state 3 requires three state changes in
ordered characters, whereas only one step in unordered characters. Ordered characters are more
appropriate for this study because most characters express intermediate states by going from one
extremity to another. These characters have an evolutionary transition of the physical conditions
and it is more “costly” to change from two states that are not successive. For example, the
decrease of cranial robusticity occurs gradually across a series of hominid taxa rather than in a
single leap from extremely robust to extremely gracile. Similarly, other characters, such as the
cranial capacity, the facial height, and the frontal breadth, have clearly staged morphological
changes.
The branch-and-bound strategy was used to generate the most parsimonious tree. This
strategy can guarantee that when adding additional taxa to the tree, the tree length will not
decrease (Hendy & Penny, 1982). Moreover, many previous phylogenetic studies also
constructed consensus trees, including the strict consensus tree and the majority-rule consensus
tree. These consensus analyses produce trees where all branches are found in all or the majority
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(over 50%) of the fundamental trees, and the purpose is to summarize the topologies of many
trees and evaluate disaccord between the consensus trees and the most parsimonious tree (e.g.,
Strait et al., 1997; Cameron et al., 2004). However, in this project, there was only one most
parsimonious tree generated, suggesting that the data support the tree quite well without many
other options. Therefore, there is no need to implement a strict consensus method or a majorityrule consensus method.
The most parsimonious tree was also presented along with the length, the consistency
index, the retention index, and the rescale consistency index. The consistency index (CI)
measures the amount of homoplasy in a cladogram (Kluge and Farris, 1969; Farris, 1989). The
closer the CI value approaches to 1, the less homoplasy in the tree is required, thus the better the
character fits the tree (Farris, 1989). The retention index (RI) is used to measure how well
synapomorphies explain the tree (Farris, 1989). RI is obtained by subtracting the number of
changes on the tree from the maximum tree length and the minimum tree length from the
maximum tree length and then dividing the result of the former from the latter (Farris, 1989).
The rescaled consistency index (RC) is calculated by multiplying the CI by the RI (Farris, 1989).
RC and RI are similar in principle but RC has a relatively stronger weighing function by
attaining a zero value (Farris, 1989).
In addition to this basic analysis, a separate analysis was undertaken in which characters
with missing state information were excluded in order to eliminate the effect of missing data.
When the PAUP program is given a character with an unavailable state, its state is constructed
for a tree that added to a minimum number of steps (Strait at al., 1997). However, there is no
guarantee that the state reconstruction is correct. To solve this problem, I cut out the characters
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that had missing data. There were seven (out of 54) characters that had missing data with respect
to at least one species (Table 3: characters 33, 34, 38, 39, 47, 50, 52), so I analyzed the remaining
47 characters with full states.
Moreover, a bootstrap method was used on both basic analysis and no missing data
analysis to estimate how strong the data support was for each branch. The bootstrap approach
derived from Monte Carlo methods by resampling of the same database to generate an empirical
estimation of how reliable the parsimony tree is (Efron, 1979). It randomly chooses characters
from the matrix until reaching the same number of characters as in the original matrix. In the
new matrix, some characters may be represented several times while some may be omitted. The
score marked at each node suggests the percentage of replications supports the relationship of the
sister groups at the branch. The highest support value is 100; the values around 80 are usually
regarded as moderate support, whereas the values below 70 are considered weak. Values below
50 are not shown because the relationship at the node is so weak that the branch is collapsed
(Hillis & Bull, 1993). As a result, a polytomy is shown instead of a tree branch. The bootstrap
method in this project uses a branch-and-bound search and creates 1,000 random matrices. The
branches with frequency of over 50% consensus are retained in the tree.

CHAPTER 4
RESULTS

The most parsimonious tree is shown in Figure 1. Tree lengths and indices of the
cladograms are presented in Table 4. The basic most parsimonious tree has a length of 158 steps,
consistency index of 0.696, a retention index of 0.478, and a rescaled consistency index of 0.333.
Since the indices are expected to decrease with increasing number of taxa, the values are not
especially high given that only six taxa are included, suggesting that the characters are
moderately compatible within this tree. The tree indicates that Chinese H. erectus and Javan H.
erectus are sister taxa and that H. neanderthalensis and H. sapiens are sister taxa. Georgian H.
erectus, Neanderthals, and modern humans as a whole are monophyletic. African H. erectus is
paraphyletic. The 50% majority-rule consensus tree was generated using a bootstrap method with
a length of 163 steps (Figure 2[a]). The analysis of 54 characters suggested that a sister-group
relationship of Chinese H. erectus and Javan H. erectus is supported in 98% of replicated trees,
whereas the sister-group relationship of Neanderthals and modern humans is relatively weak,
only supported in 82% of the replications.
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Figure 1. The most parsimonious cladogram favored by both basic parsimony
analysis and no missing data analysis with a tree length of 158 steps and 140
steps respectively. Numbers represent nodes discussed in Table 5.

Table 4
Tree Lengths and Indices of the Most Parsimonious Trees

Statistic
Tree length
Consistency index
Retention index
Rescaled consistency index

Basic parsimony
analysis
158
0.696
0.478
0.333

No missing data parsimony
analysis
140
0.693
0.494
0.342
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Figure 2. Bootstrap 50% majority-rule consensus trees favored by (a) basic parsimony
analysis and (b) no missing data analysis. Numbers at the nodes indicate the proportion of
replicated trees in which the branch is found.

When excluding the characters with missing state information, only one parsimonious
tree is supported, and this tree turns out to be the same as the basic parsimonious tree (Figure 1).
These two phyletic trees seem to well represent the cladistic relationship of the six hypodigms.
The parsimony scores show a tree length of 140, a consistency index of 0.693, a retention index
of 0.494, and a rescaled consistency index of 0.342 (Table 4). Following this analysis, a
bootstrap 50% majority rule consensus tree was generated, maintaining the tree length at 140
steps (Figure 2[b]). The bootstrap analysis of the 47 full-state characters again supports the
strong sister-taxa relationship between two groups of Asian H. erectus. The sister-taxa
relationship between Neanderthals and modern humans is quite weak, supported by 72% of the
bootstrap replicates. A bare majority of the replications (54%) support a clade that includes
Georgian H. erectus, Neanderthals, and modern humans.
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In addition, based on the basic parsimony cladogram, the character states found at each
node and the apomorphies of each hypodigm are listed in Table 5. Nodal character states give us
a good idea of the synapomorphies for each clade, and the apomorphies helps us define each
taxa. The amount of nodal character states and the most parsimonious tree, or cladogram, are
crucial in indicating the phylogenetic relationships of the hypodigms, and in suggesting the
taxonomy of each hypodigm.
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Table 5
List of Implied Primitive Characters, Synapomorphies for Each Node, and Apomorphies for
Each Taxon As Suggested in PAUP

Node 1, implied primitive condition
(2) Maximum cranial breadth is median.
(3) Cranial robusticity is intermediate between gracile and robust.
(4) Reduced cranial capacity is with a size of 800 cc-1,000 cc approximately.
(6) Upper facial height is large.
(8) Basion-bregma height is small.
(10) Maximum frontal breadth is median length.
(11) Minimum frontal breadth is median length.
(12) Frontal angle is median.
(15) Vertical supraorbital has variable thickness.
(16) Glabellar morphology is variably expressed.
(18) Maximum biparietal breadth is median.
(19) Parietal arc length is small.
(20) Vault is moderately thick at parietal eminence.
(21) Maximum temporal breadth is variable size.
(22) Bizygomatic width is variable.
(23) Biauricular breadth is median size.
(25) Supramastoid sulcus is present.
(26) Tympanic plate robusticity is intermediate.
(27) Mastoid process is variably in size.
(28) Mandibular fossa is variable in depth.
(29) Occipital torus displays a central, mound-like prominence.
(31) Occipital arc length is median.
(32) Occipital angle is variable.
(33) Foramen magnum is median size.
(35) Lambda-inion chord is variable in length.
(36) Inion-opisthion chord is intermediate length.
(37) Occipital scale index is variable.
(38) Biorbital Breadth is small.
(40) Postorbital constriction is in various degrees.
(45) Nasal sill is smooth.
(46) Canine jugum is strongly expressed.
(47) Cheek bone is median in height.
(48) Malar tubercle is absent.
(continued on following page)
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Table 5 (continued)

(50) Palatal index is median.
(51) Palatal surface is smooth.
Node 2, synapomorphies of the Asian and Georgian H. erectus+Neanderthals+modern
humans clade
(1) Maximum cranial length is median size.
(5) Upper facial breadth is median size.
(7) Biasterionic breadth is median size.
(9) Barion-prosthion length is variably ranging from small to large.
(13) Frontal arc is median size.
(14) Supraorbital torus contour is arched.
(17) Cranial midline keeling is present.
(24) Supramastoid crest is median size.
(30) External occipital crest is absent or present.
(34) Foramen magnum is intermediate between circular and elongated in shape.
(39) Orbit index is large.
(41) Nasal keel is absent.
(42) Nasal breadth is median size.
(43) Nasal index is median size.
(44) Subnasal clivus is variable in morphology.
(49) Malar anteriolateral surface is round.
(52) Mental foramen is variably located at P3-M1.
(53) MMR is in high position.
(54) Accessory cusps are present.
Node 3, synapomorphies of the Georgian H. erectus+Neanderthals+modern humans clade
(2) Maximum cranial breadth is narrow.
(6) Upper facial height is small.
(7) Biasterionic breadth is narrow.
(15) Vertical supraorbital thickness is intermediate.
(21) Maximum temporal breadth is small.
(23) Biauricular is narrow.
(28) Mandibular fossa is shallow into the temporal bone.
(29) Occipital torus is slightly expressed.
(32) Occipital angle is large.
(42) Nasal aperture is narrow.
(45) Nasal sill is smooth or sharp.
Node 4, synapomorphies of the Neanderthals and modern humans clade
(4) Cranial capacity is increased to over 1,300 cc.
(continued on following page)
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Table 5 (continued)
(8) Basion-bregma height is large.
(11) Minimum frontal breadth is large.
(13) Frontal arc length is large.
(17) Cranial midline keeling is absent.
(19) Parietal arc length is large.
(35) Lambda-inion chord is large length.
(37) Occipital scale index is small.
(40) Postorbital area is flat with barely any constriction.
(44) Subnasal clivus is flat.
(46) Canine jugum is weakly expressed.
(47) Cheek bone is short.
(49) Malar anteriolateral surface is flat.
(50) Palatal index is large.
(54) Accessory cusps is variable.
Node 5, synapomorphies of the Asian H. erectus clade
(3) Cranial robusticity is variably expressed as gracile or robust.
(15) Vertical supraorbital is thick.
(16) Glabellar is marked.
(21) Maximum temporal breadth is large.
(22) Bizygomatic is wide.
(26) Tympanic plate is robust.
(27) Mastoid is intermediate size compared to the temporal bone.
(28) Mandibular fossa is deep into the temporal bone.
(29) Occipital torus displays a thick bar.
(32) Occipital angle is small.
(33) Foramen magnum is large.
(36) Inion-opisthion chord is intermediate length.
(37) Occipital scale index is large.
(44) Subnasal clivus is convex shape.
(47) Cheek bone is high.
(48) Malar tubercle is present.
(50) Palatal index is small.
(52) Mental foramen is forwards (P3-P4).
Apomorphies of African H. erectus
(1) Maximum cranial length is variably expressed as small to large.
(5) Upper facial breadth is intermediate.
(7) Biasterionic breadth is variably small to large.
(9) Basion-prosthion length is large.
(13) Frontal arc is variably expressed from small to large.
(continued on following page)
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Table 5 (continued)
(14) Supraorbital torus contour is variably arched or straight.
(17) Cranial midline keeling is absent.
(24) Supramastoid crest is small.
(30) External occipital crest is present.
(34) Foramen magnum is circular in shape.
(39) Orbit shape is variable.
(41) Nasal keel is absent or present.
(42) Nasal breadth is large.
(43) Nasal index is large.
(44) Subnasal clivus is flat.
(49) Malar anteriolateral surface is variably round or flat.
(52) Mental foramen is backwards (at P4-M1).
(53) MMR is in low position.
(54) No accessory cusps.
Apomorphies of Chinese H. erectus
(4) Cranial capacity is increased to 1,000 cc-1,250 cc approximately.
(5) Upper facial breadth is intermediate.
(9) Basion-prosthion length is small.
(23) Biauricular is very wide.
(25) Supramastoid sulcus is absent.
(30) External occipital crest is absent.
(35) Lambda-inion chord is median length.
(36) Inion-opisthion chord is long.
(40) Postorbital area is moderately constricted.
(51) Palatal surface is rugose.
Apomorphies of Javan H. erectus
(1) Maximum cranial length is variably expressed as small to large.
(7) Biasterionic breadth is large.
(9) Basion-posthion is long.
(14) Supraorbital torus contour is straight.
(20) Vault is thick at parietal eminence.
(40) Postorbital area is strongly constricted.
(41) Nasal keel is absent or present.
(46) Canine jugum is weakly expressed.
Apomorphies of Georgian H. erectus
(1) Maximum cranial length is small.
(4) Cranial capacity is very small ranging from 600 cc-780 cc approximately.
(10) Maximum frontal breadth is small.
(11) Minimum frontal breadth is small.
(continued on following page)
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Table 5 (continued)
(12) Frontal angle is large.
(13) Frontal arc is small.
(18) Maximum biparietal breadth is small.
(24) Supramastoid crest prominently expressed.
(26) Tympanic plate is gracile.
(30) External occipital crest is present.
(31) Occipital arc length is small.
(33) Foramen magnum is small.
(34) Foramen magnum is circular in shape.
(35) Lambda-inion chord is short.
(36) Inion-opisthion chord is short.
(40) Postorbital area is strongly constricted.
(53) MMR is in low position.
Apomorphies of H. neanderthalensis
(1) Maximum cranial length is large.
(2) Maximum cranial breadth is large.
(4) Cranial capacity is increased to over 1,500 cc.
(5) Upper facial breadth is intermediate.
(6) Upper facial height is large.
(7) Biasterionic breadth is large.
(9) Basion-prosthion length is large.
(10) Maximum frontal breadth is large.
(16) Glabellar is slightly expressed.
(18) Maximum biparietal breadth is large.
(21) Maximum temporal breadth is large.
(22) Bizygomatic is wide.
(23) Biauricular is wide.
(27) Mastoid process is small compared to the temporal bone.
(30) External occipital crest is absent.
(31) Occipital arc length is large.
(33) Foramen magnum is large.
(34) Foramen magnum is elongated shape.
(36) Inion-opisthion chord is large length.
(38) Biorbital Breadth is large.
(39) Orbit shape is wide but not especially high.
(42) Nasal breadth is median length.
(43) Nasal index is small.
(45) Nasal sill morphology is sharp.
(51) Palatal surface is rugose.
(continued on following page)
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Table 5 (continued)
(52) Mental foramen is backwards (at P4-M1).
Apomorphies of H. sapiens
(3) Crania is gracile in general.
(5) Upper facial breadth is small.
(9) Basion-prosthion length is small.
(12) Frontal angle is small.
(15) Vertical supraorbital is thin.
(20) Vault is thin at parietal eminence.
(22) Bizygomatic is narrow.
(24) Supramastoid crest is barely noticeable.
(25) Supramastoid sulcus is absent.
(27) Mastoid is intermediate size compared to the temporal bone.
(29) Occipital torus is absent.
(43) Nasal index is large.
(48) Malar tubercle is variable.
(52) Mental foramen is forwards (at P3-P4).
(54) No accessory cusps.

CHAPTER 5
DISCUSSION

Comparison Between the Two Analyses
When comparing the basic parsimony analysis and the no missing data analysis, both of
these generate the same cladogram, suggesting a strong agreement concerning the relationship of
the Homo groups in this study. The main difference is in the numerical indicators. Tree length
reduces 18 steps when seven characters with missing data have been excluded. This is not
surprising as fewer characters require fewer steps to reach a consensus tree. The three statistical
indices for each cladogram are very close in both analyses, with less than a 4% difference.
Therefore, there is no great difference with or without the missing data. The most parsimonious
tree generated from the first basic analysis represents a relatively stable explanation of
relationships among the hominid groups under study here.

Comparison with Other Phylogenetic Studies of H. erectus
Cladistic studies on early hominids have been widely undertaken to sort out the
relationships and evolutionary patterns of several hominid groups. Especially when a new
specimen is discovered, parsimony analysis is an important tool for determining the most
appropriate taxonomy and phylogenetic context for the specimen. Five other cladistic studies
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have been conducted on the phylogeny of genus Homo, more specifically, H. erectus and closely
related species (Figure 3).
Stringer’s (1987) cladistics analysis suggested that Asian H. erectus and early archaic H.
sapiens are sister taxa and that the African and Asian H. erectus groups are linked cladistically
(Figure 3[b]). H. erectus clade contains early African and Asian H .erectus groups, together with
the early archaic H. sapiens that possesses the synapomorphies of cranial robusticity,
supraorbital torus morphology and occipital angulation. His study indicated the erectine-like
attributes are found in archaic H. sapiens specimens, including Arago samples, Petralona skulls,
Bodo 1 and 2, and Broken Hill samples. These samples are in debate over the taxonomy because
of the intermediate shape between H. erectus and H. sapiens, but they provide useful information
of the trends of human evolution. Stringer (1987) did not subdivide the Asian H. erectus into the
Chinese and Javan groups; instead, he combined the Zhoukoudian Lower Cave hominids and the
Indonesian specimens excluding the Ngandong samples, implying a strong resemblance within
the Asian group. In addition, he suggested that H. habilis is plesiomorphous and represents the
ancestral condition of genus Homo (Stringer, 1987).
The most parsimonious cladogram by Wood (1991) showed a general relationship of
early hominids (Figure 3[c]). The taxonomic categories of H. erectus he used only contain early
African H. erectus from Koobi Fora and H. erectus from the other places, including
Zhoukoudian, Sangiran, Oduvai, Baringo, and Swartkrans. The H. erectus hypodigm reflect his
preference of lumping some specimens from Africa and those from Asia. For example, OH 9 is
attributed to H. erectus rather than African H. erectus, which differs from this study. In addition,
his cladogram suggested that early African H. erectus and H. sapiens were sister taxa and that
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Figure 3. Previously proposed cladograms of H. erectus and other related taxa. Taxonomy names
were modified to keep consistent to this paper. (a) The most parsimonious cladogram favored by
the present study. (b) Consensus cladogram of Homo groups in Stringer (1987). Eleven
craniodental characters are used and treated as ordered. (c) Cladogram of Wood (1991, 1992). (d)
Strict consensus tree from six consensus trees that used the branch and bound method; 22 cranial
characters were used (Cameron et al., 2004). (e) Hypothetical cladogram suggested by Tattersall
(1997). (f) Cladistic relationship within Homo taxa. Continuous modularized traits were used in
the analysis (González-José et al., 2008).
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Asian H. erectus group linked to the clade but still bore several distinct features (Wood, 1991).
Wood (1992) discussed extensively the phylogenetic status of H. habilis and claimed that
H. habilis maintains ancestral traits derived from Australopithecus but that it was distinct from
early African H. erectus. His phylogenetic tree of hominids within the genus Homo showed H.
sapiens and H. erectus to share a common ancestor, early African H. erectus. Wood believed
African H. erectus was not derived from H. habilis but came from an early Homo species that
emerged before 2.0 Ma.
The strict-consensus parsimonious tree proposed by Cameron et al. (2004) suggested that
early H. erectus from Sangiran, late H. erectus from Ngandong and Zhoukoudian form a clade
and that H. heidelbergensis, which Stringer (1987) referred to as early archaic H. sapiens, is the
sister of the Neanderthals and modern humans clade (Figure 3[d]). The parsimony analyses also
suggested H. ergaster/African H. erectus is distinctive from the later Homo groups (Cameron et
al., 2004). The study by Cameron et al. (2004) is largely consistent with the present study,
especially on the implication of H. ergaster as the sister of all the later Homo individuals and of
the sister-group relationship of Asian H. erectus and the clade formed by specimens assigned to
H. neanderthalensis and H. sapiens.
Tattersall (1997) illustrated a scheme of relationships among the species belonging to the
human family (Figure 3[e]). Tattersall (1997) did not give details about what specimens were in
each group or what characters were taken into account. However, his cladogram shared great
similarities with that of this study in that African H. erectus from Koobi Fora was more primitive
than the classic H. erectus from Asia and that H. sapiens and H. neanderthalensis were sister
taxa. Moreover, his cladogram was widely acknowledged by many later researchers, such as
Strait et al. (2007).
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The cladistics analysis of species of Homo by González-José at al. (2008) is considerably
different from previous researchers, as well as this study (Figure 3[f]). The characters they used
are not based on specific discrete or hypothetically independent features, but are continuous,
multivariant and modularized traits (González-José at al., 2008). Moreover, in contrast with
previous cladistics analyses, their parsimony analysis employed a heuristic search, rather than a
branch-and-bound search. They included the controversial specimens from Dmanisi in the
analysis and indicated that this group should be placed within the H. erectus clade. Their unique
result is that H. sapiens is a sister taxon of the clade of Chinese H. erectus, early African H.
erectus, and Georgian H. erectus and that the group of Neanderthals is a sister taxon of the whole
H. erectus and H. sapiens clade.
In summary, the cladograms generated by past hominid research vary in each analysis.
The most common results are that Asian H. erectus specimens are highly monophyletic and that
H. habilis best represents the ancestral condition of all species of later Homo. In terms of
assigning hypodigms, most of the phylogenetic analyses separated early African specimens from
the rest of the H. erectus material, suggesting that African H. erectus hominids are quite
distinctive. These different results suggest that the characters, the specimens under study, and the
methods used in a parsimony analysis dramatically influence the structure of a cladistic tree and
therefore the hypothetical phylogenetic relationship among them.

Taxonomic Implications
Taxon name: H. ergaster (Groves & Mazák, 1975)
The parsimony analyses conducted in this study and in the other five studies favor early
African H. erectus as distinct from the rest of H. erectus. On one hand, from a preliminary
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examination of African H. erectus specimens, this fossil group displays many unique traits, such
as less cranial robusticity, a broader nasal aperture, and an absence of midline keeling. The
assignment of early African H. erectus specimens from Koobi Fora independently to a taxon is
also based on the fact that not many variable forms are shown within this selected and artificial
group. On the other hand, results from a parsimony analysis confirm that early African H.
erectus specimens are not closely linked to Asian H. erectus. African H. erectus can be the sister
of Asian H. erectus, H. sapiens, or a clade that includes the rest of middle to late Pleistocene
hominids. In this study, the African H. erectus group is paraphyletic and is the sister to a clade
that formed by the rest of the H erectus specimens, Neanderthals, and modern humans. In fact,
African H. erectus specimens show a combination of characters that are found in other H.
erectus and H. neanderthalensis or modern human fossils. Given its relatively early age and
primitive morphology, African H. erectus best represents the root of the later Homo lineage and
should be granted the nomen of H. ergaster due to its phenetic and evolutionary uniqueness.
Like many physical anthropologists, including Groves and Mazák (1975), Leakey and Walker
(1976), and Brown et al. (1985), I am in favor of the nomen H. ergaster for individuals from
Koobi Fora dated to 1.9 – 1.5 Ma (the type specimens include KNM-ER 992, KNM-ER 730,
KNM-ER 3883, KNM-ER 3733, and KNM-ER 15000). Key anatomical features for H. ergaster
are mound-like occipital torus, a wide nasal aperture, a flat subnasal clivus, small supramastoid
crests, and an absence of midline keeling and accessory cusp.
Taxon name: H. georgicus (Gabunia et al., 2002)
The most parsimonious cladogram produced here suggests that the Georgian H. erectus
group is the sister of the clade of Neanderthals and modern humans. This result is quite
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unexpected and one that has never been generated in any of the earlier studies. The Dmanisi
specimens share with Neanderthals and modern humans several synapomorphies including a
reduced supraorbital thickness, narrow nasal apertures, and only a slight occipital torus (Table 5).
However, my bootstrap analysis suggested that this relationship was not supported in the
majority of replicated trees. In fact, most past studies tend to suggest that Georgian H. erectus
expresses an intermediate stage between the more primitive condition of H. habilis or H.
ergaster and the more descendent form of H. erectus (Vekua, 2002; Lordkipanidze, 2013).
However, H. habilis is not introduced here and there is no easy way to tell the cladistic
relationship between H. habilis and Georgian H. erectus in this present study. What is clear is
that the group of Georgian H. erectus is not a sister taxon to either H. ergaster or Asian H.
erectus from China and Java. After considering all aspects of the cranial morphology from
Dminisi, I am in favor of referring this assemblage to that of a distinct species – H. georgicus –
for several reasons. First, my cladogram shows that Dmanisi and the other Asian fossils of Homo
erectus are not monophyletic, suggesting that Georgian H. erectus bears a better cladistical
linkage to H. sapiens than to Asian H. erectus. H. erectus is therefore not an appropriate
taxonomic name for Dmanisi Man. Second, H. georgicus has taxonomic significance as it
represents the first species of Homo that migrated out of Africa, whereas H. ergaster and H.
habilis or other species of early Homo are restricted to the African continent. Type specimens of
H. georgicus include the sample from Dmanisi. As more fossils of early Pleistocene Homo
specimens are found in the Mideast, they may be assigned to H. georgicus. The most significant
feature for H. georgicus is the overall small crania, which is close to that of H. habilis. Other
characters common to the Georgian assemblage include a prominent supramastoid crest, strongly
constricted postorbital areas, a sloped frontal bone, and a glacile tympanic bone.
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Taxon name: H. erectus (Dubois, 1896; Weidenreich, 1940)
Since the cladogram (Figure 1) suggests that Chinese and Javan H. erectus are
monophyletic and that this sister-taxa relationship is supported in nearly all the replicated trees in
the parsimony analysis, I follow Weidenreich’s (1940) proposal that the name H. erectus is best
used to refer to Pleistocene hominids from China and Indonesia. Other historical names such as
Sinanthropus pekinensis, Pithecanthropus erectus, and Homo soloensis should be eliminated.
The cranial characters that diagnose H. erectus are a thick and continuous supraorbital torus, a
prominent occipital torus, a large foramen magnum, a deep mandibular fossa, zygomatic
tubercles, a more prognathic midface, forward mental foramen between P3-P4, and absence of
supramastoid sulcus. Specimens belonging to this taxa include samples from East Asia,
especially the archeological sites of Zhoukoudian and Sangiran.

Phylogenetic Tree
The construction of my phylogenetic tree was based on the cladogram mapped onto a
geochronologic time scale (Figure 4). This evolutionary scenario shows the phyletic position of
H. ergaster as the base of the human lineage, and this taxon may well have given rise to later
species of Homo, including H. erectus, H. georgicus, H. neanderthalensis, and H. sapiens.
Specifically, H. ergaster is the direct basal member of the H. erectus lineage that prospered
across many Old World continents. H. georgicus evolved into its own unique lineage and may
have reached an evolutionary dead-end. A group of H. ergaster formed the lineage of more
recent Homo species – Neanderthals and modern humans. As H. ergaster migrated out of Africa
into Europe, a new species with increased cranial size, reduced postorbital constriction, and
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reduced face was formed, and this species diverged at possibly around 600,000 years ago into
different evolutionary paths of modern humans and Neanderthals (Gibbons, 2013).

Figure 4. Prediction of phylogenetic tree based on the parsimony analyses. Question mark indicates
a hypothetical ancestor. Dashed lines indicated oversimplified evolutionary relationships among
species.
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Problems
Many phylogenetic studies also include an outgroup, which is a related taxon that works
to “anchor” the base of a tree. In general, the outgroup (or a root group) can be a recent common
ancestor of the ingroup individuals or a sister taxon of the ingroup. An outgroup is essential to
determine the evolutionary relationship among several hypodigms and to understand the
evolution of characters along a phylogeny. However, in this study I did not use an outgroup; that
is, no hypodigm has been assigned as a root group. Therefore, it is unwarranted to determine the
primitive condition of H. erectus, and the characters considered as plesiomorphies may change if
the outgroup is introduced. There are two options of the outgroup for the parsimony analysis in
this study. One option is Australopithecus, the sister taxon to the genus Homo. However, there
are huge morphological differences between the “robust” australopithecines, including A.
robustus, A. boisei, and A. aethiopicus, and the “gracile” australopithecines, including A.
afarensis, A. garhi, and A. africanus (Strait et al., 1997; Asfaw et al., 1999). The question is
which Australopithecus species should be employed. Strait et al. (1997) indicated that the
“robust” australopithecine clade is the sister of Homo, and A. aethiopicus is the basal species.
Asfaw et al. (1999) believed that A. garhi is the direct ancestor of early Homo. However, the
most widely acknowledged assumption is that A. afarensis is the last common ancestor for all
austrolopithecines and Homo (Wood & Lonergan, 2008), therefore, A. afarensis could be used
for the outgroup.
The other option is H. habilis, which represents the earliest hominid species of the genus
Homo and the putative ancestor of H. erectus (Lieberman, 2007). Although a recent study
indicated that H. habilis and H. erectus coexisted and represented separate lineages from a
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common ancestor, the former is still believed to possess many primitive attributes that may
provide a better idea of the ancestral condition of H. erectus (Spoor et al., 2007; Wood & Baker,
2011). Spoor et al. (2007) gave an alternative explanation that the evolutionary relationship
between H. habilis and H. erectus would have been cladogenetic, indicating that an isolated
subgroup of H. habilis evolved into H. erectus, other subgroups remaining morphologically
stable and becoming extinct at a much later time. In addition, like Australopithecus, H. habilis
displays a variety of morphologies. Some anthropologists tend to separate the more robust H.
habilis individuals, such as KNM-ER 1470, and give them the name H. rudolfensis (Wood,
1992). Therefore, H. habilis individuals excluding the robust forms could be an outgroup
alternative.
Another limitation of this study arises from the selection and the measurement of the
specimens. The present study focused on the regional variation in the Homo erectus groups but
overlooked the patterns of change over time in these regions. Though it is important to make
comparisons across regions, the evolution of a taxon over a long period of time increases the
difficulty of a study because the variation within a region over time makes it impossible to make
precise comparisons. In the present study, I only selected specimens that most typically represent
the regional attributes within a short time period. However, the regional trends are ignored. An
extensive study of H. erectus can be done through the division of the group by region and by
time. For example, the African assemblage can be divided at around 1.3 Ma into early and late
groups. Similarly, Ngandong specimens can be introduced as a late Indonesian H. erectus group.
Since most of the data collected in the study are from previous literature, the
measurement and the description differ by different authors. The first researchers had the original
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specimens and tended to describe them in a prudent way. Later researchers usually can only
examine the casts and make inferences. However, casts cannot always show the same details of a
specimen and measurements can be misleading. Many researchers admit that due to the highly
incomplete condition of many cranial fossils, measurements may rely on a certain level of
estimation (C. Stringer, personal conversation, May 18, 2016). In addition, many original
discoveries happened decades ago and the traditional measurement by hand-held calipers can
lead to experimental error. The advancement of technology facilitates future research. The shape
and the scale of the original fossil fragments can be recovered as a virtual 3D object. The
accuracy of the measurement is highly improved when scanned images can be analyzed by
computer software. For example, compared to the original reconstruction by Suzuki (1970), the
3D reconstruction of Amud 1 shows the maxilla is more superiorly positioned, the occipital
region is more flattened, and the parietal region is more laterally expanded (Amano et al., 2015).
Therefore the data I used in this study were not consistent in its measuring methods and future
studies should better utilize the high technology of reconstructed 3D images. Hominids research
is in urgent need of a complete, standardized, and publicly available fossil database.

CHAPTER 6
CONCLUSION
Six groups of hominids were included in this study of H. erectus phylogeny. Fifty-four
craniodental characters were collected, examined, and coded based on their morphological states.
Two parsimony analyses were conducted by PAUP 4.0a, independently, on all 54 characters and
on 47 characters with full states. The analyses gave rise to a most parsimonious tree with tree
lengths of 150 and 140 steps independently. This analysis suggests that Chinese and Javan H.
erectus are highly monophyletic. African H. erectus is the sister taxon of all other Homo groups,
leading to the inference that the specimens attributed to African H. erectus should be referred to
H. ergaster. Georgian H. erectus is the sister taxon to the clade of Neanderthals and modern
humans, but this relationship is not supported in the majority of replicated trees. Further
discussion about the apomorphies and the evolutionary place of Georgian H. erectus may be
needed, but for now I prefer a separate species designation for this material in the name H.
georgicus. In general, the results of this study are similar to phylogenetic studies of H. erectus
performed in the past; for example, the morphological similarities of Asian H. erectus
assemblages are consistent with many Homo studies. On the other hand, this study revealed
differences that may be due to methodological differences between my analyses and those
performed by others. I suggest that future phylogenetic reconstructions of H. erectus can be
improved by standardizing the data collection, by introducing an outgroup to analyses, and by
employing other ingroup taxa within the genus Homo.
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APPENDIX: DESCRIPTION OF CHARACTERS

1. Maximum cranial length
This character is also called chord distance, which is the distance between glabella and
opisthocranion (Wood, 1991; White et al., 2011). Values less than 177 mm are considered as
short maximum cranial length. Only the Dmanisi skulls have very short cranial length that
ranges from 153 mm to 177 mm. Samples from Zhoukoudian and modern humans have an
intermediate cranial length ranging from 185 mm to 199 mm. Neanderthals have a long cranial
length, which is over 199 mm. African and Javan H. erectus specimens have the maximum
cranial length of various sizes. For instance, on small samples such as KNM-ER 15000 and
Sangiran 17, the lengths are no more than 177 mm, whereas on large samples such as OH 9 and
Sangiran 17, the lengths are reaching the Neanderthals average. Though the crania of some
specimens are partly damaged and the measurements may not be accurate, various techniques in
previous literature resources give us a better idea of the exact sizes. For example, the supraorbital
region of Trinil 2 is broken, and the length of the cranium is 182mm. However, it is probable that
measurement was underestimated and the cranial size of the Trinil specimen is comparable to
some large Sangiran fossils (Thorne & Wolpoff, 1981; Rightmire, 1993).
2. Maximum cranial breadth

66
Maximum cranial breadth is measured as the distance between two euryons of the cranium, the
most laterally positioned points on the braincase (Martin, 1956). Three states are recognized: (0)
below 140 mm, (1) 140-150 mm, (2) over 150 mm. All the Dmanisi skulls fall in the lowest
range of variations, which is consistent with their small cranial length and capacity. Modern
humans’ cranial breadth is small and the average is reaching closely to the smallest breadth in
Koobi Fora. Asian H. erectus has an average breadth of 148 mm and most of the specimens have
the intermediate cranial breadth between 140-150 mm except Sangiran 17, which has a
somewhat larger skull than those of the rest of the Asian specimens. Neanderthals have a larger
cranial breadth than those of the rest of the groups.
3. Cranial robusticity
Cranial robusticity is a very useful character to make inferences about the phylogenetic
relationships among taxa of Homo. Throughout the course of human evolution, features of
robusticity, such as supraorbital and occipital tori and upper facial breadth, have been acquired,
lost or changed in different groups of population. Early fossils have crania that are robust in
relation to most recent populations (Lahr & Wright, 1996). For example, it is universally
accepted that this character is highly developed in Asian H. erectus (scored as 3), who had thick,
heavily buttressed crania, whereas modern humans typically display the gracile unbuttressed
crania (scored as 0) (Wood, 1984; Stringer, 1987). Cranial variation also exists within the Asian
H. erectus. For example, Sangiran 4 has a more robust cranium with a more strongly developed
occipital torus than that of Sangiran 10 and Sangiran 17 (Rightmire, 1993). Neanderthals and
African H. erectus have intermediate morphologies between the two extreme conditions. D4500
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shares a certain degree of craniofacial robusticity with Asian H. erectus. However, the Dmanisi
skulls generally have an intermediate morphology (scored as 1) (Lordkipanidze et al., 2013).
4. Cranial capacity
The data of cranial capacity of fossil samples are achieved from Holloway et al. (2004) and
Lordkipanidze et al. (2013). The mean cranial capacity of modern humans is 1390 cc, though
huge variations exist (Semendeferi & Demasio, 2000). The average cranial capacity for H.
erectus is close to 1000 cc, and within the H. erectus samples, the Dmanisi skulls have a smaller
brain size than all the values collected from Asian samples. This result is consistent with the
study by Wolpoff (1980), who noted that late H. erectus average cranial capacity was 31%
greater than the mean calculated for the early H. erectus. Since the Georgian hominids had not
been found yet at the time Wolpoff did his research, the difference of cranial capacities between
lower and middle Pleistocene assemblages may have been even greater. With the largest average
cranial length and breadth of the genus Homo, Neanderthals also have the largest cranial
capacity, as expected. It is clear that cranial capacity has increased during the history of the
hominids and reached a maximum at around 200,000 years ago, when it began to fluctuate
(Rightmire, 1993). Therefore, for this character, our states are recognized as (0) less than 800 cc,
which includes Georgian H. erectus; (1) 800-1000cc, which includes African and Indonesian H.
erectus; (2) 1000-1200 cc, which contains Chinese H. erectus; (3) 1200-1400 cc that includes
modern humans; and (4) over 1400 cc that includes Neanderthals. The cranial capacities for OH
9 (1067 cc) and Sangiran (1004 cc) slightly exceed 1000 cc, but here they are both included in
state 1 with the rest of African and Indonesian specimens.
5. Upper facial breadth

68
Upper facial breadth is the distance between two sides of frontomalare temporale, where the
frontozygomatic suture crosses the temporal line or outer orbital rim (White et al., 2011). The
breadth increases with the increase of the robusticity and the male individuals usually have a
larger breadth than the female individuals (Lahr & Wright, 1996). Also, the breadth value is
greatly associated with the overall size of the skulls. For example, the narrowest breadth is found
in D2700 with the breadth value of 85 mm, and the widest breadth is found in large Sangiran 17
with the value of 125 mm. Sexual dimorphism is largely reflected on the upper facial breadth in
Indonesian and Dmanisi groups with the SD values of 16.3 mm and 11.9 mm respectively.
Therefore, the conditions of their breadths are coded as variable. Modern humans have an
average breadth of 99.5 mm that falls into the small ranges in size. Surprisingly, Neanderthals do
not have very wide upper facial breadth given their large crania size, and the value ranges from
110 mm to 117 mm, which is comparable to that of African individuals (112 mm to 120 mm).
Zhoukoudian specimens have an average upper facial breadth that is slightly less than 110 mm.
As a result, Neanderthals, African and Chinese H. erectus specimens have the same state of
upper facial breadth that is scored as intermediate.
6. Upper facial height
The chord distance between nasion and prosthion is the most common way of measuring the
upper facial height. Since only a few data are available from the present samples, the condition
of the upper facial height is scored as two distinct states small (<77 mm) and large (≥77 mm).
Modern humans have the shortest upper facial height within all the groups with a mean value of
66.8 mm and a SD of 5.4 mm (Trinkaus & Svoboda, 2006). Following modern humans, the
Dmanisi individuals also have small upper facial height and the value ranges from 69 mm to 76
mm. Large upper facial height is found in Neanderthals, African, Chinese, and Indonesian
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specimens, among which Neanderthals show the largest height averages 84.5 mm (Trinkaus &
Svoboda, 2006).
7. Biasterionic breadth
This character is measured as the distance between two sides of asterion, which is approximate to
the width of the posterior vault. Similar to biauricular breadth, the skull of modern humans
exhibits a considerably narrow biasterionic breadth (mean 107.8 mm), whereas Neanderthals
have the broadest biasterionic breadth (mean 125mm) of all the groups. Bastir et al. (2010)
explained that the entire occipital plane is elevated and shifted posteriorly in Neandertals, while
in modern humans the biasterionic axis has shifted anteriorly. With the average smallest vault
capacity, Georgian H. erectus specimens have small biasteronic breadth and biauricular breadth.
However, the biasterionic breadth of Zhoukoudian hominids is also relatively narrow, which
shows a different pattern to their biauricular breadth. In contrast, the Sangiran samples show a
lateral expansion on the occipital bone in relation to the condition found in Zhoukoudian, and the
breadth is greatly varied in African assemblage (mean 115.7 mm, SD 7.3 mm, N=4). Also,
Rightmire (1993) suggested that the differences of biasterionic breadth among the Asian and
African H. erectus assemblages are small, and the width of the occipital region contributes little
to their overall cranial breadth.
8. Basion-bregma height
The chord distance between basion and bregma produces an overall impression of the cranial
size. Modern humans and Neanderthals have large basion-bregma height that is over 128 mm. In
contrast, the rest of the groups have the height value less than 115 mm. Such an extremity in
basion-bregma height clearly divides the samples into two state groups. Also, it is obvious that

70
the value of the basion-bregma height is significantly associated with the cranial capacity.
However, there are great variations within each group of H. erectus. For example, the Dmanisi
individuals have a basion-bregma height that ranges from 92 mm to 105 mm, with a SD of 6.6
mm. African specimens have height ranges from 106 mm to 114 mm.
9. Basion-prosthion length
The chord distance between basion and prosthion is an important measurement in determining
the hominid taxonomy. Based on the limited information, the status of the basion-prosthion
length is scored in two states: small (<115 mm) and large (≥115 mm). The smallest and largest
averages are found in groups of modern humans (mean 102.5 mm) and Indonesian H. erectus
(mean 129 mm) respectively. Neanderthals also have a relatively wider basion-posthion length
due to the massive cranial size, though they don’t express prominent alveolar prognathism.
Dmanisi individuals have the length of great variety. The largest one on D4500 reaches 127 mm,
whereas the smallest one on D2700 is only 100 mm. The values of basion-prosthion length on
African H. erectus (mean 118 mm) and Chinese H. erectus (mean 114 mm) slightly differ but
fall into separate status groups.
10. Maximum frontal breadth
Maximum frontal breadth is measured as the maximum distance on the frontal breadth at the
coronal suture. When determining this character, three states are recognized: (0) less than 105
mm, (1) 105-120 mm, (2) over 120 mm. State 0 includes Dmanisi hominids (mean breadth 92
mm), and D2280 is the largest of the group with a breadth of 105 mm, which may be due to the
great sexual dimorphism in Dmanisi Man. African and Asian H. erectus have an intermediate
frontal breadth. Compared to Sangiran specimens, African individuals are larger in frontal
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breadths but smaller in parietal lengths. All the Neanderthal samples have very similar maximum
frontal breadth with an average value of 124.2 mm and a SD of 2.5 mm. Modern humans have a
wide maximum frontal breadth (mean 118 mm) which is close to that of some large H. erectus
samples, such as Sangiran 17.
11. Minimum frontal breadth
This character is measured as the distance between two sides of frontotemporale (ft) on the
frontal bone (White et al., 2011). Same as what is shown of the maximum frontal breadth,
Georgian H. erectus has the narrowest minimum frontal breadth (mean 69.6 mm), mostly due to
the relatively small skulls in the group. Also, the maximum and minimum frontal breadths in
Neanderthals (mean value of minimum frontal breadth is 109.6 mm) are greater than the rest of
the groups. Suzuki (1970) suggested that the extraordinarily large value of the minimum frontal
breadth in Amud Man (115 mm) may be associated with the presence of a metopic suture that
extends over the whole length of the frontal bone. African and Asian H. erectus have the similar
sizes of minimum frontal breadth with a mean value of 85 mm, which is given the state of
median. Again, large samples have a wide breadth; for instance, OH 9 (88 mm) and Sangiran 17
(95 mm) have the widest breadths of all the H. erectus. The average minimum frontal breadth of
modern humans is 97.6 mm, which falls into the upper median range.
12. Frontal angle
There are two different ways of measuring of the frontal angle, where endeavored by Schwalbe
(1899) and Howells (1973). Here I applied Howells’s method, which is calculated from the
frontal subtense, the nasion subtense fraction, and the nasionebregma chord, and the value
reflects the midsagittal curvature on the frontal bone. Therefore, a large frontal angle can be
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interpreted as a flattened frontal profile. Three states are identified in this character: (0) less than
130°, (1) 130°-145°, and (2) more than 145°. For all the H. erectus crania in which the necessary
landmarks are preserved, the frontal angle averages 143.4°, which is much larger than what has
been shown on H. sapiens, implying H. erectus has a quite low frontal bone. Among all, the
Dmanisi sagittal profiles on the forehead are especially flattened. It is not true that skulls with
smaller cranial capacity display larger frontal angles (scored as 2). In Neanderthals, the frontal
squama is inclined posteriorly and flattened, which is close to that of African and Chinese H.
erectus (scored as 1).
13. Frontal arc
This character is measured as the arc length from glabella to bregma along the frontal suture. In
modern humans, the length (129.3 mm) is comparable to the length of their parietal arc
(129.8mm). Also, the frontal arc in modern humans is close to that of Neanderthals, who have an
average frontal arc of 128.6 mm. Rightmire (2013) suggested that the frontal arc was
significantly correlated with the cranial capacity and might imply the evolution of braincase in
the population of H. erectus. Most measurements for Javan specimens are not available due to
the damages to the related landmarks. The only data obtained from the Javan group is Sangiran
17, with the frontal arc value of 116mm, which falls into the range of those from Zhoukoudian
specimens (114±5.3 mm, N=3) that have intermediate frontal arcs. The average shortest frontal
arc attributes to Dmanisi group with an average of 92.8mm and a SD of 4.6mm. The value is
highly varied in African H. erectus. The smallest one in African samples is found on KNM-ER
15000 (94 mm), close to proportions of Dmanisi Man, whereas the largest is on OH 9 (128 mm),
which reaches that of Neanderthals.
14. Supraorbital torus contour
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There are mainly two morphologies of this character: arched (0) and straight (2). African H.
erectus specimens have various morphologies of supraorbital torus contour and therefore are
given the score 1. For example, the comparatively straight supraorbital torus in OH 9 is close to
the straight bar-like torus in Javan specimens, whereas the rest of the African specimens show
arched torus (Rightmire, 1998). Arched supraorbital torus is also found in Chinese and Georgian
individuals. The morphologies of the supraorbital region in all the Neanderthal crania are very
similar, which form two arched margins for the orbits (Trinkaus, 1984). In modern humans, there
are two even arches above the human orbits and supraorbital torus is often referred to as
supraciliary arches (Rougier et al., 2007, White at al., 2011).
15. Vertical supraorbital thickness
This character is measured as the vertical thickness of supraorbital torus above midorbit. In
Neanderthals, the torus thickens over the middle of the orbit and the range of thickness varies
from 9.3 mm to 15.5 mm (Trinkaus, 1984). Specifically, Amud 1 and Shanidar 1 have a heavier
brow than most Neanderthals, which is reaching close to that of in Zhoukoudian specimens.
According to Stringer (1987), Asian H. erectus has the extreme morphology of heavily built
supraorbital torus but early African H. erectus has the same level of supraorbital torus
development as Neanderthals. I agree with the majority of his statement. However, African
specimens have a wide range of variation in displaying of the supraorbital torus with the values
of vertical thickness of 8.5 mm in KNM-ER 3733 and 18 mm in OH 9 (Anton, 2003). Therefore,
this character is coded as being variable in African H. erectus. Lordkipanidze et al. (2013)
provided complete measurements of the vertical supraorbital thickness of five Dmanisi skulls
and the values have a range of 8mm to 12mm with a mean of 10.3mm, which indicates a
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population of a comparatively thin supraorbital torus in the early Pleistocene hominids. Though
protruded brow ridges occasionally present in some individuals of H. sapiens, this feature in
modern humans is extremely poorly developed compared to the members of the Pleistocene
Homo.
16. Glabellar morphology
Glabella is the most anterior midline region on the frontal bone, usually located above the
frontonasal suture and between left and right brow ridges. The expression of glabella among the
fossil hominids and the modern human populations is highly sexual dimorphic. In most cases,
male crania display a more prominent glabellar region than female crania. In addition, glabellar
region displays geographic variation. African modern populations have been characterized as
displaying heavy glabella compared to Asians and Europeans (White et al., 2011). However, the
glabellar region is often cracked through time, which may affect our examination, such as what it
is shown in Sangiran 17 and KNM-ER 3883. Still, there are some common patterns of the
morphology of glabella within a phyletic group. Massive glabellar region is associated with
Asian H. erectus in which marked brow ridges are connected by a marked midline prominence.
In contrast, the African and the Georgian H. erectus specimens generally have a slightly inflated
glabella that forms a gap between two sides of the brow ridges. Exceptions are D4500 and OH 9,
who display a massive glabella that contributes to a thick, bar-like supraorbital tori
(Lordkipanidze et al., 2013). The glabellar region is thickened in Neanderthals but the degree of
its prominence is much less than that of Asian H. erectus.
17. Crania midline keeling
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The midline keeling is always found at frontal and/or parietals and generally exists in the Asian
populations at the central part of the frontal bone (Rightmire, 2001). Dmanisi hominids resemble
Asian H. erectus in the sagittal keeling on the parietals, especially in the samples of D2280 and
D3444 (Rightmire & Lordkipanidze, 2009). Barely any keel is presented in African H. erectus
(Rightmire, 1998; Antón, 2003). Howells (1974) mentioned that a small degree of sagittal
keeling is found in European Neanderthals but such statement is not widely acknowledged. At
least in my study samples, none of the Neanderthals expresses the midline keeling. Therefore,
state 1 is coded as the high incidence of presenting midline keeling on the crania vault, which is
assigned to the Chinese, Javan, and Georgian populations, and the rest of the groups that without
a keeling are coded 0.
18. Maximum biparietal breadth
The maximum biparietal breadth is taken as the maximum distance between the parietals.
Rightmire (1993) suggested that the difference of parietal breadth within the samples from
Zhoukoudian, Sangiran, and Oduvai Gorge (OH 9) is subtle, and Grimaud-Hervé (1986)
suggested that the size of parietal bone is a good indicator to separate the Sangiran sample from
the rest of the Pleistocene Indonesian hominids. Within the samples of my study, Asian and
African H. erectus have a range of 131-142 mm of biparietal breadth, which is consistent with
Rightmire’s observations, and the breadth of modern humans (138.2mm) falls into this range of
variation. However, the difference of biparietal breadth between Georgian H. erectus (mean 116
mm) and Neanderthals (mean 156 mm) is dramatic, and therefore they are coded as small (0) and
large (2) maximum biparietal breadths.
19. Parietal arc
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The parietal arc is taken as the distance from bregma to lambda along the sagittal suture on the
parietal bone. There is a great range of variation of parietal arc within the groups of H. erectus
(85-113 mm). Even when comparing the lengths of parietal arc and occipital arc on one
individual, the difference can be dramatic. For example, KNM-ER 3733 has a much longer
occipital arc (118mm) than parietal arc (85mm). In fact, most H. erectus samples have a
comparatively longer occipital arc. However, modern humans have a reversed structure pattern
with a longer parietal arc (129.8mm) than occipital arc (112.3 mm). The average length of
parietal arc in Neanderthals (mean 123mm) is about the same as that of H. sapiens. Shanidar 1
has the longest parietal and occipital arc in all the samples. Therefore, except that Neanderthals
and modern humans have long parietal arcs coded as 1, the rest of the populations have small
parietal arcs that are coded as 0.
20. Vault thickness
The vault thickness is a key character in determining the cranial robusticity, and here the
thickness is measured at the parietal eminence. The thickness value over 12mm is considered as
large (coded as 2), less than 6 mm are small (coded as 0), and between the two extremes are
medium (coded as 1). This character is remarkable in the Javan specimens, which is greater than
12 mm (Rightmire, 1993; Lordkipanidze et al., 2013). The parietal thicknesses of Neanderthals
are 8.5±1.4 mm, which fall into the range of intermediate (Trinkaus, 1984). Similarly, Chinese,
African, and Georgian H. erectus specimens have an intermediate vault thickness. However, the
cranial vault thickness has significantly declined in human evolution, especially since the
beginning of agriculture. As a result, modern humans exhibit a thin parietal eminence
(Lieberman, 1996).
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21. Maximum temporal breadth
The maximum temporal breadth is taken as the maximum distance between the temporals. The
breadth less than 125 mm is considered as small (coded as 0), which is found in modern humans
and the Dmanisi hominids. On the other hand, the breadth over 135 mm is regarded as large
(coded as 2), which is seen in Asian H. erectus and Neanderthals. African specimens generally
have a wider temporal breadth, except the juvenile individual, KNM-ER 15000, who has the
breadth value of only 114 mm.
22. Bizygomatic breadth
Bizygomatic breadth is calculated as the maximum breadth across the zygomatic arches. Except
for some of the Georgian and African H. erectus, most of the early hominid samples have very
broad widths between the zygomatic arches. The bizygomatic breadths in Chinese, Javan H.
erectus and Neanderthals are subequal, with an average of 148.8mm and a SD of 2.9mm. The
zygomatic sizes in African and Georgian H. erectus vary greatly. KNM-ER 15000 (121.6 mm)
and D2700/D2735 (127 mm) have narrow bizygomatic breadth, whereas KNM-ER 3883 (150
mm) and D4500/2600 (149 mm) have massive and laterally flaring zygomatic processes.
However, the bones related to the zygomatic portion are usually broken, which results in great
difficulties in accurate measurement. In addition, due to the rare preservation of zygomatic parts
on most of the Asian samples, it is hard to estimate the degree of variation within all the H.
erectus groups. Within modern human populations, the bizygomatic breadth is quite narrow,
averaging 129.5 mm, but there is a great difference between males (133.93mm) and females
(124.98 mm).
23. Biauricular breadth
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Biauricular breadth is taken as the distance between the left and the right auriculars and is often
referred to as the width of the cranial base. The broadest biauricular breadth is found in the
samples of Zhoukoudian specimens with the average of 149 mm. Georgian crania display narrow
biauricular breadths (mean 123.7 mm) in general, and African and Javan specimens have the
similar value of biauricular breadths (means 130 mm and 131 mm respectively) that are
intermediate between Chinese and Georgian samples. It seems the character increases with the
enlargement of the crania in the populations of H. erectus but decreases in Neanderthals and
modern humans (Tobias, 1967; Rightmire, 1993). It is surprising that modern humans have the
narrowest biauricular breadth (mean value of 117.4 mm) in the hominid samples.
24. Supramastoid crest morphology
Supramastoid crest is the superior root of the zygomatic process that runs horizontally above the
external acoustic meatus (Cartmill & Smith, 2009). In many Asian skulls, the supramastoid crest
is not only large but also turns sharply upward as it extends posteriorly from the zygomatic root.
Dubois (1924) suggested that a strong supramastoid crest was a unique derived feature
(autapomorphy) of Asian H. erectus. Wood (1984) confirmed Dubois’s idea, proposing that
marked supramastoid crest was one of the defining anatomical structures for H. erectus.
However, variation exists within a population. For instance, there is a heavy, rounded
supramastoid crest in Sangiran 2 and Sangiran 10 but this feature is comparatively poorly
developed in Sangiran 17 (Rightmire, 1993). Sangiran hominids differ from eastern African
crania. The supramastoid crest in African H. erecuts is clearly formed and merges with the
shelving root of the zygomatic process (Rightmire, 2013). However, compared to the Asian
individuals, the supramastoid crest is moderately developed in African crania (Lordkipanidze et
al., 2013). A prominent supramastoid crest can be found on Dmanisi skulls especially on D2280
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and D3444 (Lordkipanidze et al., 2006). Their supramastoid portion is highly projecting laterally
and the maximum cranium breadth always falls at the crest. The prominence of the supramastoid
structure is better developed than that in Asian H. erectus (Rightmire et al., 2006). The
Neanderthal supramastoid crest is described as prominent and variable in expression (Trinkaus,
1984). Compared to H. erectus and Neanderthals, the supramastoid crest is much less noticeable
in modern humans (Rightmire, 2013).
25. Supramastoid sulcus
Supramastoid sulcus is a depression or a groove that separates the mastoid and supramastoid
crest. It is a character that has been found on most of the H. erectus and Neanderthal samples.
Most of the Indonesian specimens that preserve this region show a supramastoid sulcus, except
Sangiran 2 (Antón, 2002). Similarly, all African samples present a narrow supramastoid sulcus
but restricted in extension (Rightmire, 1993). A shallow sulcus that extends posteriorly onto the
angle of the parietal bone is found on Dmanisi Man, especially in D3444, but less apparent in
D2280 (Lordkipanidze et al., 2006; Rightmire et al., 2006). On the contrary, most Chinese fossils
have a small mastoid but lack a supramastoid sulcus (Antón, 2002). Interestingly, for those
Indonesian hominids whose supramastoid sulcus is most obvious, their mastoids are quite large
(Antón, 2002). Antón (2002) suggested that the reduced supramastoid sulcus in Chinese H.
erectus might be due to the result of specimens coming from a single subsample. In
Neanderthals, the supramastoid sulcus is wide but shallow and extends from retromastoid region
of the temporal bone. This character is not found in modern humans though it is commonly
expressed in archaic H. sapiens.
26. Robusticity of tympanic plate
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The tympanic part of the temporal lies posterior to the temporomandibular joint (TMJ) and forms
the rear wall of the mandibular fossa (White et al., 2011). The thickest tympanic plate is found in
Asian crania where the wall of the tympanic part is extremely robust (Stringer, 1984). Antón
(2003) suggested that thick tympanic plate was the autapomorphy for Asian H. erectus. African
H. erectus has an intermediate robusticity of tympanic plate. For example, even compared to the
small Asian sample Sangiran 2, OH 9 has a shorter and less robust tympanic part on its cranium.
In Dmanisi Man, the entire tympanic plate is relatively delicate, and Lordkipanidze et al. (2006)
suggested that such feature was a possible autapomorphy in Goergian H. erectus. Rightmire
(2013) indicated that hominids expressed a trend of decreasing the robusticity of the tympanic
plate during the middle Pleistocene. In Neanderthals, the tympanic plate is thin anteriorly but the
posterior part is considerably robust. Such morphological pattern is close to that of modern
humans (Suzuki, 1970).
27. Mastoid size relative to temporal size
The size of the mastoid process is a sexually dimorphic trait. Generally, male crania have larger
size of mastoid process than female. Rightmire (1993) stated that large mastoid processes are one
of the common anatomical characters in H. erectus but variations in size could be found. The
mastoid process in African fossils such as KNM-ER 3733 and KNM-ER 15000 are quite small,
probably because of deformation and weathering over time. KNM-ER 3883 has a comparatively
complete mastoid part, which displays marked processes and occupies a large proportion of the
temporal bone. Similarly, the conditions of mastoid processes in the Dmanisi specimens vary
dramatically. The mastoid process and its associated structures are quite small in most of the
Dmanisi skulls, except in D3444, which has strongly developed mastoid crests. The D3444 also
shows many of the features that indicate it is a male, such as the laterally inflated mastoid portion
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of the temporal bone (Lordkipanidze et al., 2006). Specimens from the Far East display a
mastoid process of median size, which is close to that of modern humans. A moderate size of the
mastoid part suggests a less robust skull but still assists the head flexibility. Surprisingly,
Neanderthals do not have a prominent mastoid process given their large cranial size. The mastoid
portion is poorly developed on Neanderthal’s large temporal bone.
28. Mandibular fossa morphology
The mandibular fossa, also called the glenoid fossa, is the depression found in the temporal
bones that articulate with the mandible. The morphological condition of the mandibular fossa is
coded as shallow (scored as 0) to deep (scored as 2). The fossa is generally flat and wide
anteroposteriorly in modern humans and some early hominids such as australopithecines and H.
habilis (Mowbray et al., 2002). However, the mandibular fossa of later H. erectus is usually
much narrower anteroposteriorly and deeper into the roof of the tympanic bone (Mowbray et al.,
2002). For example, the mandibular fossa in Sangiran specimens appears deeply cone shaped
(Mowbray et al., 2002). Chinese H. erectus specimens show a more distinct depression of the
fossa. The African representatives show a variety of expressions of this feature. Samples from
Koobi Fora have a flat and long mandibular fossa, whereas OH 9 shows a morphology that is
similar to that preserved in the Asian groups (Mowbray et al., 2002). The mandibular fossa of
Dmanisi specimens shows a relatively smooth contour, which is similar to that of Koobi Fora
specimens. Neanderthals have a broad mandibular fossa that appears even shallower than that of
modern humans.
29. Occipital torus morphology
Occipital torus is the bony thickening along the border of occipital and nuchal plane (Wood,
1984). Lahr and Wright (1996) suggested that occipital torus is a good indicator of the specific
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muscular function and cranial robusticity. Wood (1984) noted that the morphology of the
transverse torus of the occiput is distinctive on H. erectus crania, though there is a great deal of
morphological variation. For example, Javan and Zhoukoudian skulls exhibit a straight bar
between asteria; African occipitals have a mound-like thickening in the central parts (Rightmire,
1993). In addition, they show various degrees of robusticity. For example, the occipital torus on
Sangiran 4 is strongly developed compared to other Javan H. erectus, whereas on Dmanisi
occipitals the torus is comparatively lightly built (Rightmire, 1993; Rightmire et al., 2006). The
strong occipital torus present in most H. erectus appears to be reduced in Europe individuals
(Stringer, 1974). The occipital is not strong or protruding in the case of Neanderthal’s robust
occipital (Dean et al. 1998). Modern human occipitals bear inferior nuchal lines but rarely have
an occipital torus (Cartmill & Smith, 2009).
30. External occipital crest
External occipital crest is the median line that passes from the external occipital protuberance
down to the border of the foramen magnum (White et al., 2011). Traces of an external occipital
crest are found in many H. erectus crania. Indonesian fossils have variable expression of the
occipital crest probably as the consequence of the weathered occipitals on some specimens
(Rightmire, 1993; Antón, 2003). It is sharply defined in most of the Javan specimens except
Sangiran 2 and Sangiran 10 (Rightmire, 1993). A crest that is followed to the rim of the foramen
magnum has been found on African occipitals, but the crest is not as massive as in Javan
specimens in general. In Georgian H. erectus, there is also a thin crest that passes from the
inferior nuchal line to the rim of the foramen magnum (Lordkipanidze et al., 2006; Rightmire et
al., 2006). In contrast, the Chinese occipitals apparently lack any significant expression of an
external crest (Weidenreich, 1943; Antón, 2003). The occipital crest is not a character for
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Neanderthals because of the well-known “bunning” of the occiput that protrudes beyond the
much more modest crest (Howells, 1974). Compared to those fossil hominids, modern humans
have considerably flatter occipitals, and the external occipital crest is variably expressed (White
et al., 2011).
31. Occipital arc
Occipital arc is measured from lambda to opisthion along the occipital suture. Dmanisi skulls
display an average shorter occipital arc (mean 93 mm) than that of the rest of the groups. The
values for African, Chinese, and Javan H. erectus specimens have a similar length of occipital
arc that averages 109.5 mm and with a SD of 9.9 mm. The average length of occipital arc in H.
sapiens is 112.3 mm that falls into the variation of Asian H. erectus. The occipital arc of
Neanderthals is very long but with a high degree of variation (mean 122.5mm, SD 10.5mm,
N=4). Suzuki (1970) and Trinkaus (1984) noted that compared to other Neanderthals, occipital
arcs of Amud 1 and Shanidar 1 are especially long and occupy a large ratio of the median sagittal
arc, which is composed of frontal, parietal, and occipital arcs.
32. Occipital angle
According to Howells (1973), occipital angle reflects the curvature of the occipital bone, which
is calculated from the occipital substense, the lambda subtense fraction, and the
lambdaeopisthion chord. Large angles (over 108°, scored as 2) indicate round occipital profiles.
For example, Neanderthals and modern humans have relatively rounded occipital bones, with the
average occipital angles of 113° and 118.8°, respectively. Low angles (less than 108°, scored as
0) indicate a larger occipital flexion, which can be found in Javan and Chinese H. erectus.
Rightmire (2013) suggested that occipital angle is negatively correlated with endocranial
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capacity. However, Dmanisi skulls, with the lowest average cranial capacity in all the groups,
display similar angles to that of modern humans. Evidence that contradicts Rightmire’s (2013)
prediction can also be seen in KNM-ER 15000, who has an occipital angle as large as 118°. In
general, H. erectus crania can be characterized by high frontal angles and low occipital angles
with a great range of variation.
33. Foramen magnum size
Foramen magnum is the large oval hole in the base of the skull. The position, shape, and size of
the foramen magnum are important factors in determining the hominid taxonomic status. All the
bipedal hominids, including H. erectus, Neanderthals, and modern humans, have very similar
forward-positioned foramen magnums. The foramen magnum is considered as an ellipse when
calculating its area (π × ½ foramen magnum width × ½ foramen magnum length), though it is
not a perfect ellipse shape. Foramen magnum length is measured as the distance between
opisthion and basion, whereas its width is the greatest distance that is perpendicular to the length.
The shape and the size of the foramen magnum cannot be determined in many fossil samples,
especially Chinese H. erectus, due to the lack of the related landmarks. Still, based on the few
available data, there is an obvious trend that the size of the foramen increases with the
enlargement of the skull. Dmanisi Man has the smallest foramen magnum of all the sample
groups. Within the Dmanisi population, the smallest skull D2700 has an area of foramen
magnum only 660 mm2, while the largest one D4500 has the area of 751 mm2. African samples
have an intermediate size of foramen magnum, ranging from 825 mm2 to 880 mm2, and the
modern humans’ foramen magnum area (878 mm2) falls into this range. Indonesian H. erectus
and Neanderthals have a large foramen magnum in which average sizes reach over 900 mm2.
34. Foramen magnum shape
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The shape of the foramen magnum is based on the ratio of its width to its length. All the samples
have a shorter width compared to the length of the foramen. African and Georgian populations
have a shape of the foramen magnum closest to a circle, with an average ratio of 89% and a SD
of 3.2%. Neanderthals have a very elongated foramen magnum and the ratio averages 68%
(Hawks & Wolpoff, 2001). Modern humans and Javan H. erectus have a similar shape of
foramen magnum that is intermediate of the two extremities, and their average ratio is 77%.
35. Lambda-inion chord
This character is a measurement of the length of the upper occipital squama. Three states are
recognized, some of which are overlapped: (0) no more than 50 mm, (1) 51-53 mm, (2) over 53
mm. The value ranges from the long lambda-inion chord of Neanderthals and modern human
groups (means 65.3 mm and 66 mm respectively) to the low length found in Georgian H. erectus
(mean 46.8 mm). However, this character has displayed a wide range of variation in African and
Javan assemblages (mean 48.3 mm, SD 5.7 mm, N=9). KNM-ER 3733 has a very long upper
occipital bone (57 mm) that is close to Neanderthal counterparts. On the contrary, Trinil 2 has a
very narrow lambda-inion chord (38 mm), which may be due to the errors from the highly
mineralized cranial surface (Rightmire, 1993). For the H. erectus specimens from Zhoukoudian,
Anton (2002) noted that these specimens are distinctive with narrow posterior crania vault,
which is not seen in other Asian hominids fossils.
36. Inion-opisthion chord
The distance between inion and opisthion is usually considered as the length of the occipital
nuchal plane. Individuals with a long skull usually have a large inion-opisthion length, such as
Neanderthals (mean 55 mm) and Sangiran 17 (57 mm). Zhoukoudian hominids have a long
inion-opisthion length probably due to the high occipital protuberance that leads to a wide nuchal
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plane. Dmanisi specimens all have the shortest inion-opisthion length that is less than 50 mm,
which is definitely taken as a status of small (scored as 0). Modern humans and African H.
erectus have intermediate values of the length that range from 50 mm to 54 mm.
37. Occipital scale index
Occipital scale index is calculated as the ratio of the inion-opisthion chord to the lambda-inion
chord. Such ratio is a good indicator of the proportions of the nuchal plane and the occipital
plane on the occipital bone. The value is over 1 when the nuchal plane is wider than the occipital
plane, and such condition is exceptionally expressed in Asian H. erectus. For example, in
Sangiran 4, the length of the occipital plane (distance from lambda to inion: 47 mm) is
considerable less than the nuchal plane (distance from the inion to opisthion: 56 mm), therefore
resulting in a large index of 1.2. Modern humans and Neanderthals have indices less than 1,
suggesting that they have a relatively long occipital plane. African and Georgian have wide
ranges of index value, ranging from 0.93 to 1.32 and 0.85 to 1.1, respectively.
38. Biorbital breadth
Biorbital breadth is the distance across the orbits, between two sides of ectoconchion, which lies
on the most anterior surface of the orbital border. Measurements for Asian and Javan H. erectus
are not available due to the poor condition of related parts of the skulls. Neanderthals have a
wider biorbital breadth than that of the rest of the groups. The average for the European
Neanderthals is 107.3mm, which is exceptionally larger than samples such as KNM-ER 15000
(92 mm) and D2700 (90 mm). It is interesting that these two early hominid samples are the two
that also have the narrowest bizygomatic breadth, and it seems that they have a flat
zygomaticofrontal region in the transverse plane. On H. sapiens crania, the average biorbital
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breadth falls well within African and Georgian H. erectus ranges of variation (mean 97.8mm, SD
5.5mm, N=8).
39. Orbit index
Orbit index reflects the ratio of orbit height to orbit breadth. The breadth is measured from
ectoconchion to dacryon and the height is the maximum vertical distance between the upper and
lower border of the orbit (Howells, 1973). The values are taken from the averages of the left and
the right orbits because some of the orbits have been altered by pathology or decomposition,
such as Shanidar 1 (Trinkaus, 1984). African individuals have a variety of the orbit shape. The
orbit of KNM-ER 15000 is larger in height than the breadth and the orbit index is 107.7, whereas
other African orbits have an index of only 79.8±0.4. Most of the Asian crania do not have related
landmarks available for the orbit measurements except Sangiran 17, who has an orbit index of
90.9, close to that of H. sapiens (88.1). Georgian H. erectus samples have very small orbits but
the shape is also similar to modern humans with an index of 86.4±3.1. Neanderthal’s orbits are
much wider than those of H. erectus though their orbit height falls into the range of H. erectus
counterparts. Their orbits are similar in size and proportions within their population and their
orbit index is 80.3±3.6.
40. Postorbital constriction
Postorbital constriction is the narrowing of the frontal bone just behind the orbits and is always
defined by an index of minimum frontal breadth divided by maximum upper facial breadth
(Cameron, & Groves, 2004). It is a feature commonly displayed in many of the early hominids
and increased or reduced in degrees through time, and it disappears in modern humans. Most of
the Asian individuals exhibit moderate postorbital constriction, though some Javan specimens,
such as Sangiran 2 and Sangiran 17, show a relatively marked constriction. Relative to Asian H.
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erectus, African specimens have various degrees of displaying this character, with a weak
postorbital constriction on individuals from Koobi Fora but strong on OH 9 (Lordkipanidze et
al., 2013). Dmanisi individuals share with early Homo and australopiths the pronounced
narrowing of the frontal bone. In Neanderthals, the constriction is very low and only seen in a
few European late Neanderthals (Vandermeersch, 1981; Trinkaus, 1984).
41. Nasal keel
Nasal keel, also called internasal keeling, is a pronounced vertical midline at the nasal bone,
usually in the region between the orbits (Cameron & Groves, 2004). This character is commonly
found in early hominid individuals of Australopithecus and H. habilis but rarely in Neanderthals
and modern humans (Cameron & Groves, 2004). There are variations among individuals of H.
erectus in the presence of the nasal keel, for example, keeling in the midline is slight in KNMER 3733 and pronounced in Sangiran 17 (Rightmire, 1998). However, in KNM-ER 3883 and
KNM-ER 15000, the nasal bridge is evenly rounded and no keeling is found (Rightmire, 1998).
Similarly, the nasal bone is not keeled in Zhoukoudian samples, neither is it in Dmanisi Man
(Rightmire, 1998; Rightmire et al., 2006).
42. Nasal breadth
The nasal bone, like all the rest of the facial bones, is poorly preserved in most of the human
fossils. From a few recovered individuals, H. erectus, especially those from Africa, has the
broadest nasal aperture. Franciscus and Trinkaus (1988) indicated that Asian and African H.
erectus had unique nasal morphology with broad nasal aperture and marked nasal eversion. They
argued that the increased size of the nose may have allowed more efficient retrieval of moisture
from the air in arid environments (Franciscus & Trinkaus, 1988). By and large, many scientists
consider wide nasal aperture as a defining feature for African H. erectus (Wood, 1984;
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Rightmire, 1993). Neanderthal’s nose is small in the context of their large face and projecting
nasal region, though the mean breadth value is close to that of H. erectus. Therefore, three states
are recognized in this character: (0) less than 30 mm, which includes modern humans and
Dmanisi Man; (1) 30-34 mm, including Chinese, Indonesian H. erectus and Neanderthals; and
(2) over 34 mm, which only displays in African H. erectus.
43. Nasal index
Nasal index is a good indicator of the shape of the nose, which is calculated as the ratio of nasal
width and nasal length and multiplied by 100. Thomson (1923) studied the correlation between
the nasal index and climate in various human populations, and he concluded that populations
from hot, moist climates usually have a larger nasal index than populations from cold, dry
climates. Such feature on extinct and extant hominids may give some hints to on how the
climates changed over time. The relatively large nasal length to nasal breadth in Neanderthals is
responsible for their low nasal index (mean 53.6), which is advantageous in cold climates. On the
contrary, African H. erectus has the highest nasal index (mean 65.6), which may be associated
with the tropical climates in Africa. The rest H. erectus noses express a median nasal index,
suggesting their mild living environment. Modern humans (mean 62.4) have a large nasal index
which is comparable to that of African H. erectus.
44. Subnasal clivus morphology
Subnasal clivus is the curvature of the sloping wall between nasospinale and prosthion of the
maxilla. Subnasal region in Dmanisi Man shows various morphology. In D2282 and D2700, the
subnasal clivus is flat while in D4500 this portion is slightly concave with two ridges on each
side of the wall (Lordkipanidze et al., 2013). In Sangiran and Zhoukoudian crania, the subnasal
surface is gently convex in the sagittal plane (Rightmire, 1998; Rightmire, 2013). Weidenreich
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(1943) described the subnasal part in Zhoukoudian specimens as projecting and markedly convex
in profile. However, a new reconstruction showed that the subnasal clivus in Chinese H. erectus
is reduced in convexity, and the shape appears more comparable to that of the Sangiran
individuals (Tattersall & Sawyer, 1996). Contrasted to the Asian H. erectus, African maxillae
have a flattened subnasal surface with slight corrugation (Rightmire, 2013); such morphology is
also found in Neanderthals and modern humans.
45. Nasal sill morphology
The nasal sill is the anterior edge of the inferior border of the nasal aperture (Dolinak et al.,
2005). In modern humans, the morphology is ranging from the sharp nasal sill in Caucasus
population to the very dull or absent nasal sill in Negroids (White et al., 2011). Similarly, the
morphology of the nasal sill is greatly variable within groups of Homo. In African specimens, the
nasal sill is barely seen. Even on the sample KNM-ER 15000, which has the best preserved nasal
part, the nasal sill is shaped as a smooth gutter. The sill is no more marked than the faint
transverse crests that form the inferior wall of the nose. Such morphology is very close to what
we observe on Asian crania. For example, there is a slight prominence at the midline of Sangiran
17, but the nasal sill does not project forward like a spine in recent humans (Rightmire, 1998).
The nasal sill morphology of Dmanisi Man varies in the samples. In D2700, the border of the
nasal aperture slopes forward and produces a low central tubercle. However, there is little relief
on the surface of the nasal sill, probably because of the weathered bone (Rightmire et al., 2006).
In D2282, though the nasal sill is also slightly weathered, the surviving bony surface suggests
that there used to be a tubercle marking the anterior attachment of the nasal septum (Rightmire et
al., 2006). In addition, we can find a slight spinal crest that goes laterally toward the nasal
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margin. On the contrary, a sharp nasal sill can be found in all the Neanderthal nasal samples,
even though this part is easily eroded over time.
46. Canine jugum
Canine jugum is the bony eminence on the canine root of the maxilla (White et al., 2011). It is
the result of a large canine and is well developed in most of the H. erectus populations. Javan H.
erectus is an exception that does not show prominent jugum (Rightmire, 1998). Weidenreich
(1943) examined the Zhoukoudian hominids and concluded that the development of any jugum
was associated with a furrow-like sulcus that passed downward from the infraorbital foramen.
Canine juga in Dmanisi Man are clearly expressed and are most prominent in D2282
(Lordkipanidze et al., 2006). African H. erectus exhibits prominent canine jugum, and in KNMER 3733 this swelling extends superiorly to the margin of nasal aperture (Rightmire, 1998). It is
suggested that the jugum along with the maxillary sulcus are one of the plesiomorphies, which is
the primitive trait state, for Homo (Rightmire, 1998; Lordkipanidze et al., 2006). Neither H.
sapiens nor Neanderthals show strong development of canine jugum.
47. Cheek height
The cheek height is taken as the distance from the most inferior border of the orbit to the lower
margin of the maxilla. The longest and the shortest cheek height is found in Sangiran and
modern human crania respectively (Antón, 2003; Howells, 1973). The cheek height value of
Sangiran 17 is 37 mm, which is over 1.6 times of that of H. sapiens (Rightmire et al., 2006).
Compared to the much more massive and inflated zygomatic bone of Indonesian H. erectus, the
African and the Dmanisi cheek is reduced in size, with the average of 30.5 mm and a SD of 2.5
mm. The face of D2700 presents a low cheek height (28 mm) in relation to midfacial width, and
such morphology departs from the general condition in H. erectus (Rightmire et al., 2006). In
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Neanderthals, the cheek height is slightly taller than that in H. sapiens but still relatively short
given their large cranial size.
48. Malar tubercle
The malar tubercle, also called the zygomatic tubercle, is an inferior swelling which is associated
with the attachment of the masseter muscle (Pope, 1991). The malar tubercle that includes the
lower anterior aspect of the zygomatic bone may be knob-like or inferiorly projecting, and it is
correlated with the development of jaw muscles but not correlated with the facial size (Pope,
1991). A distinct malar tubercle is first known in East Asia hominids. Weidenreich (1943)
described Zhoukoudian specimens were presented with massive inferiorly directed zygomatic
tubercle, which is similar to that of Sangiran skulls, though their zygomatic parts are not in good
condition. For example, the Sangiran 17 has a malar tubercle that partly eroded, but we can still
observe a prominence projects inferiorly at the approximate position of the zygomaxillary
junction (Rightmire, 1998). The early African specimens have a flattened external surface of the
cheek and almost all of them lack a zygomatic tubercle, probably except KNM-ER 3733, which
expresses a slight tubercle on the right side of the zygomatic bones (Pope, 1991; Rightmire,
1998). There is no malar tubercle on Dmanisi skulls, though some of them, such as D2700 and
D4500, show a slightly protruded and inferiorly flared zygomatic bone accompanied with several
small bony projections, but none seems to qualify as a malar tubercle (Rightmire, 1998).
Similarly, the tubercle barely exists on Neanderthal cheek bones. It appears to be no correlation
between facial size and the presence or absence of the tubercle. After examining the zygomatic
bones in modern humans, Pope (1991) suggests that the malar tubercle is expressed in varied
forms, ranging from complete absence, a small swollen structure, and a well-developed
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tuberosity. The frequency of the presence of a tubercle in modern human populations is
approximately 50% (Pope, 1991).
49. Malar anteriolateral surface
The anteriolateral surface of the malar (or zygomatic) bone has the condition of either flattened
(scored as 0) or rounded (scored as 1). In most cases, a laterally protruding malar bone has a
rounded surface because of the eminence. In the Indonesian and the Chinese specimens, the
massive malar bone is accompanied with a round surface, whereas in modern humans and
Neanderthals, the malar bone is relatively flat, smoothly attaching the frontal and the temporal
bones without much flexion. Though Neanderthals have a very board zygomatic contour, the
flexion only appears at the inferior margin of the malar bone. The Dmanisi skulls have a broad
zygomatic bone and the greatest flexion is found at the lateral surface, which differs from the
Neanderthal condition. African H. erectus displays a variety conditions of malar contour. For
example, the external surface of the cheek is flattened in KNM-ER 15000 but relatively flexed
and laterally flared in KNM-ER 3733.
50. Palatal index
Palatal index reflects the gradual process of facial shortening in human evolution and is
calculated as the ratio of palate breadth to the palate length and multiplied by 100. Palate breadth
is measured internally between the margins of the alveoli at the level of the M2. Palate length is
measured internally from orale to staphylion. Only a few samples have available data. Sangiran
4, representing Javan H. erectus, has a low index of 54.7. African and Georgian H. erectus
specimens have an intermediate index ranging from 67.3 to 80. Neanderthals and modern
humans have large palatal indices that reach over 100, suggesting that they have very short
dental arcade.
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51. Palatal surface
Palatal surface is the inferior surface of the maxillary bone, and the condition of it is found to be
rugose or smooth. Modern humans have a smooth palatal surface in general. African H. erectus,
such as KNM-ER 15000, has a generally smooth palatal surface, though there are some small
pits and faint grooves parallel to the cheek tooth row, and the rugosity is similar to that observed
in modern humans (Rightmire, 1998). The morphology of palatal surface in Dmanisi Man is best
described as a smooth surface with small pores (Rightmire et al., 2006). Similarly, there are
some small grooves and ridges on Indonesian palatals; the palatal surface has been described as
less rugged than is usual for later Homo, such as Asian H. erectus (Weidenreich, 1943).
Neanderthals have the most rugose palatal surface in all the groups. Ridges of all directions and
pits of all shapes are clearly expressed on the surface.
52. Position of mental foramen
Mental foramen is the opening located on the lateral corpus surface below the premolar region,
and its location has long been recorded as a distinctive taxonomic character (Williams &
Krovitz, 2004). Weidenrench (1939) suggested that the mental foramen in humans generally
opens backwards while in the great apes it opens forwards. However, in Homo populations, the
posteriorly located mental foramen reflects the anterior placement of the dentition and the
marked prognathism of the maxilla (Trinkaus, 1984; Lordkipanidze et al., 2013). In modern
humans, the mental foramina are usually placed posteriorly below P3 (Simonton, 1923). On the
contrary, the location of mental foramen in Neanderthals is relatively backward, which is
commonly found below the roots of P4 and M1 (Trinkaus, 1984). Similarly, in African samples,
KNM-ER 730 has a clear mental foramen that locates below the septum separating P4 from M1
on the left side of the mandible. The mental foramen in Geogiran H. erectus is located
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differently. For example, D2282 and D2700 mandibles have the foramen below the P3-P4
region, whereas D4500 mandibles have it more posteriorly (Lordkipanidze et al., 2013). In Asian
specimens, the position of mental foramen is not well documented in Chinese samples, but the
Sangiran mandibles show the location of the foramen that is close to that in modern humans.
53. Morphology of mesial marginal ridge (MMR)
Mesial marginal ridge (MMR) is the elevated border that forms the mesial margin of the occlusal
surface of the molar. A low MMR is one of the main dental characteristics that is shared
between early African and Georgian H. erectus (Antón, 2003), whereas Zhoukoudian and
Indonesian molars possess high MMR (Weidenreich, 1937, Antón, 2003). In Neanderthals, the
marginal ridge is protruded mesially (Suzuki, 1970). Similarly, on modern human molars, the
MMR is long and at a higher level than the distal marginal ridge (Wheeler, 1974).
54. Accessory cusps
In human populations, each tooth surface has a specific pattern with certain numbers of cusps.
Extra cusps may occur on the surface of the tooth, and they are considered as dental anomalies in
modern human populations (Gazala et al., 2014). Antón (2003) suggested that accessory cusp
complexes are present in the H. erectus molars except the African samples. The presence of extra
cusps varies in Neanderthals. Bailey (2002) noted that the accessory cusp 6 is found in an
average frequency of 43% in Neanderthal third lower molars.

